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1. Abstract

This thesis provides a critical analysis of published work undertaken by the author between
2005 and 2019.

A major challenge in biology is to understand how buds comprising just a few cells can
deform through growth to generate complex plant and animal appendages, like leaves or
limbs. In this thesis, | bring together my peer-reviewed publications to focus on how the
Arabidopsis first leaf attains its shape through coordinated patterns of orientated growth and
cell division. | highlight innovative approaches used to track leaf growth in multiple cell layers
and in different genetic backgrounds. | present maps of leaf development which reveal
dynamic, spatiotemporal patterns of orientated tissue growth and cell division. | present
models developed through collaborations with computer scientists that provide key insights
into how leaf shapes are formed during organ morphogenesis via an underlying biochemical-
based polarity system that may also be applicable to more complex shape development. |
discuss how the patterns of cell division and cell sizes are correlated and present an integrated
model that suggests how cell division and growth can be regulated via a dual control
mechanism with cross connections. Prior to the work presented here, no previous model had
been proposed to explain leaf shape transformation according to biologically validated
observations. In this work | assess the impact of this research to the field of plant
developmental biology and suggest that the knowledge gained provides valuable information

to the plant science community upon which future studies may be based.
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5. Introduction

5.1. The leaf as a model for organ development

Eudicot leaves exhibit a vast array of morphological diversity, from simple ovate shapes, to
highly serrated, lobed and compound leaves. When grown under uniform conditions,
corresponding leaves of the same species exhibit broadly uniform characteristics and reach a
determinate size and shape (Pyke, Marrison et al. 1991, Miindermann, Erasmus et al. 2005).
How genes control development to create such complex shapes remains one of the major
problems in biology. The Arabidopsis leaf provides a good model to study morphogenesis, the
biological process whereby shape is acquired. A wide range of genetic material is available
through mutants with varying leaf phenotypes. The first leaf is a relatively small, flat structure
that is amenable to imaging from an early stage of development and exhibits a transformation

from a dome-shaped bud to a simple leaf shape.

5.2. Leaf morphology and early development

Leaves are determinate organs. They arise on the flanks of the shoot apical meristem
(SAM) in a regular arrangement, or phyllotaxy, as a bulge of a few cells at the site of an auxin
maxima (Reinhardt, Pesce et al. 2003). Leaf initiation provides a new orientation of growth
away from the main stem and defines the proximodistal leaf axis. Laminae expand in the
orthogonal orientation, from the midrib to the margins, along the mediolateral leaf axis. This
occurs concurrently with dorsiventral or adaxial-abaxial axis establishment (Waites and Hudson
1995). Though these anatomical changes have been well described, the question of how
undifferentiated cells at the SAM transform into a determinate structure remains the subject

of much scientific debate.

Plant growth is symplastic in that the relative positions of cells are constrained by the cell
wall with the result that cells do not slide relative to one another (Erickson 1986). Apart from a
few specific cases, programmed cell death is not thought to contribute to the shape of plant

leaves (Gunawardena, Greenwood et al. 2004). Cell division and cell expansion alone provide



the means by which plant organs are formed. The fact that the leaf surface is contiguous
suggests that cell behaviour is coordinated across large areas of the tissue. Shape
transformation is assumed to be entirely dependent upon modulation of rates and orientations
of local growth (Green, Kennaway et al. 2010). This raises the question of how genes control

tissue deformations through coordinated cellular behaviours.

5.3. Coordination of cell division

At initiation, the primordium has been described as a peg-like structure with no blade
(Esau 1960). The transition to a flattened blade or lamina is proposed to occur through
localised meristematic activity in a strip along two opposite sides of the primordium. This
region has been termed the 'marginal meristem' and is thought to play a key role in the
formation of a new leaf organ (Avery 1933, Esau 1977). Nevertheless, there is a lack of clarity
about what exact role this region may play and where precisely it is located. Classical studies
suggest that marginal meristems drive leaf growth from a row of subepidermal and epidermal
initials towards the adaxial surface at the very lateral edges (Avery 1933, Esau 1960). These
appear as a single cell in each layer in transverse view, and as a band of cells in longitudinal
view. Initial cells are proposed to divide periclinally to create cell layers and anticlinally to
increase surface area. The intercalary divisions in the derivatives of marginal initials are
proposed to continue until the final leaf form is attained (Esau 1960). Later studies raised
doubts over the spatial and temporal dynamics stipulated by this hypothesis. It has been
suggested that marginal meristems are active for a short duration at the very earliest stages of
development and only responsible for organising the regular array of cell layers
(Maksymowych and Erickson 1960). A basal ‘plate meristem’ or ‘blastozone’ is proposed to
coordinate planar growth concurrent with lamina outgrowth (Maksymowych and Erickson
1960, Pyke, Marrison et al. 1991, Hagemann and Gleissberg 1996, Donnelly, Bonetta et al.
1999). One view is that cells could be supplied to this plate meristem from the junction
between the leaf blade and petiole (Ichihashi, Kawade et al. 2011). Genetic studies suggest
that the juxtaposition of adaxial and abaxial leaf domains at the leaf boundary may play an

important role in leaf growth.
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In Antirrhinum, mutations in PHANTASTICA (phan) result in the development of needle-like
leaves which lack dorsal cell identity and lateral outgrowth (Waites and Hudson 1995). Lateral
cell proliferation is predicted to form the lamina via a plate of cells near the ventral boundary
of the expression domain. In Nicotiana sylvestris, the ‘bladeless’ mutant (lam1), is
characterised by leaves that grow to full length but fail to develop laterally. The long, thin cells
normally located at the boundary between adaxial and abaxial surfaces are absent (McHale
and Marcotrigiano 1998). In Arabidopsis, members of the KANADI (KAN) and PHABULOSA
(PHB)-like gene families function antagonistically to contribute to abaxial-adaxial patterning,
together with polar YABBY gene expression; overexpression of KAN2 results in radialized
abaxialised leaves (Eshed, Izhaki et al. 2004). Despite these data, the mechanism by which

domains of adaxial and abaxial identity could generate lamina outgrowth remains unclear.

To understand the process of leaf morphogenesis, it is essential to evaluate patterns of cell
division in the context of a continually expanding and deforming tissue. Through this approach
we can unpick the relationship between the regulation of cell division and growth and attempt

to uncover the underlying framework for organ development.

5.4. Growth can be mathematically described by a tensor field

There are several ways that the expansion of tissue through growth can be defined,
depending on whether rates vary locally (differential growth), whether growth is equal in all
directions (isotropic), or whether growth is not equal in all directions (anisotropic). For the
purposes of quantifying planar growth, the leaf can be considered as a sheet of tissue in two-

dimensions (2D).

Growth tensors are used to describe growth of biological tissues; these capture relative
growth rates along orthogonal axes and can be visually represented as ellipses with orthogonal
lines (Coen, Kennaway et al. 2017, Whitewoods and Coen 2017). In 2D, a growth tensor
captures the rate of growth along two orthogonal axes, the sum of which corresponds to areal
growth rate. The orientation of highest magnitude is referred to as the principle, or major

orientation of growth. Perpendicular to this is the minor orientation of growth. Growth rates
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aligned with any other reference point or orientation, such as the leaf midline, can also be
calculated. A growth tensor can be defined for any region of tissue delimited by material

points.

5.5. Morphogens

A key principle of development is that undifferentiated cells are provided with unique
positional information which is interpreted by cells to give rise to spatial patterns. Morphogen
gradients have been proposed to provide such positional information (Wolpert 1969, Wolpert
2011). Morphogens are substances that form concentration gradients, either within a cell or
across a field of cells, and elicit cellular responses. In Drosophila, the transcription factor Bicoid
forms an intracellular gradient across the anterior-posterior axis of the early embryo. The
concentration of Bicoid sensed by nuclei determines the effect on target genes in a spatially
controlled manner (reviewed by (Christian 2012)). The concentration gradient is diffused
across a common cytoplasm (nuclei divide in the absence of cell division) and causes a direct
change in gene expression through targeted effects. In a multicellular setting, the mechanism
by which cells receive and interpret a morphogen gradient is more complex. Proteins are
thought to be locally produced and transported across a field of cells through the extracellular
matrix. Cells within the field must have a mechanism to distinguish small differences in
morphogen concentration, store and interpret information and translate it into differential
gene responses. In the mouse limb, digit/non-digit patterning is predicted to be organised by

underlying morphogen gradients (Hiscock and Megason 2015).

The biological basis whereby cell polarities are established and coordinated in plants is less
well established. The plant cell wall provides a barrier between cells that is absent in animal
cells. Evidence for the role of morphogen gradients in plants is provided indirectly through the
observation of polar transport proteins. Currently the best candidate for a plant morphogen is
the phytohormone auxin (Bhalerao and Bennett 2003). Determining how auxin could function

in plants for tissue patterning would be a breakthrough of great significance.
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5.6. The relationship between orientated division and growth

One theory of how morphogens could modulate tissue patterning is by influencing the
orientation of local growth (Green, Kennaway et al. 2010). Since the position of cell walls does
not change during development, an interpretation is that walls are aligned along the principle
direction of growth (Hejnowicz and Romberger 1984). This hypothesis is supported by the
observations that the plane of cell division tends to be normal to the growth axis (Hofmeister’s
rule, reviewed by (Lyndon 1994)). A key question is therefore what the causal relationship is
between these processes. A general dogma in plant development is that the orientation of
new cell walls inserted at cell division specifies the orientation of growth and thus relates to
organ axiality. The analysis of periclinal divisions during leaf initiation highlighted the close
relationship between changes in cell division orientation and the onset of a new axis of organ
growth (Cunninghame and Lyndon 1986). Nevertheless, a correlation between cell geometry
and orientation of division plane does not in itself define causality. It remains unclear through
observations of cell plates alone whether division plane orientation is responsible for setting
the orientation of growth or responding to it. There are at least three possible hypotheses: 1)
the orientation of cell division plane influences the orientation of growth, 2) the orientation of
growth influences the orientation of division plane, 3) growth and division orientations are not
sequentially linked but coordinated in parallel by some other mechanism. The origin of
regulation for each of these possibilities could originate within the cell or alternatively via a

supracellular mechanism in which control operates at the organismal level.

5.7. Cell verses organismal control of morphogenesis

Understanding the role of morphogens and polarity in growth has repercussions for our
wider understanding of multicellularity and development. According to cell-theory, individual
cells function akin to single celled organisms and aggregate together to form a super organism,
with regulation controlled by homeostatic properties of each cell. An alternative organismal-
based theory is that individual cells arise as a result of subdivisions of the organism, thus the
regulation of processes must occur at the level of the organ, or organism, as a whole (Kaplan

and Hagemann 1991).
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Traditionally, leaf morphogenesis has been studied from the perspective of cell theory.
According to this viewpoint, individual cells act as the primary unit of organisation to shape an
organ through coordinated patterns of division, growth and geometry. This hypothesis
predicts a strict correlation between patterns of cell division and regions exhibiting high growth
rates. An alternative possibility is that the processes underlying increase in cell number
through the division execution and increase in cell size through cell expansion are separate and

under independent regulation (Kaplan and Hagemann 1991).

In this critical analysis | will revisit the cell versus organismal theories to evaluate the

insights that may be gleaned through my published works on leaf growth.

5.8. The role of polarity in oriented growth

Growth of individual plant cells results from the loosening of cell wall material and
depends on the degree of cell wall extensibility (the ability to irreversibly increase in area) and
cell turgor (Cosgrove 2005). Since the physical pressure of turgor is isotropic, growth
anisotropy can only arise if some walls have greater extensibility in some orientation relative to
others. Cell wall extensibility is proposed to depend on the alighment of cellulose fibres
(Baskin 2005). A mechanism for guiding cell wall anisotropy according to an underlying axiality
could be provided by microtubules that function to align cellulose fibres along tracks
(Whitewoods and Coen 2017). Such axiality could be defined by the cell itself or relative to a
tissue-wide axiality system. Since plant cells are connected by the cell wall, the behaviour of
individual cells can influence that of others. Thus, a distinction can be made between how a
cell would grow in isolation (specified growth) with how a cell grows as part of an
interconnected tissue under external mechanical constraints (resultant growth). The resultant
pattern of growth tensors across a tissue emerges as a consequence of growth specified
according to underlying orthogonal axes, together with rotations that resolve conflicts
between neighbouring regions that are specified to grow differently (Whitewoods and Coen

2017).
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It is currently unknown how axiality is coordinated within a growing plant tissue. One
hypothesis is that the concentration gradient of a morphogen may provide a biochemical-
based polarity field from which orientations are specified (Coen, Rolland-Lagan et al. 2004,
Green, Kennaway et al. 2010). Alternatively, axiality could be defined according to mechanical
signals relative to the principle orientation of stresses (Hamant, Heisler et al. 2008, Hervieux,
Dumond et al. 2016). If a cell can sense the principle orientation of stress, then growth may be
specified in relation to this. Mechanical stresses result from turgor pressure and conflicts
derived through differential growth in which regions growing at different rates influence each
other. Local mechanical conflicts influence microtubule behaviour in sepal epidermal cells
adjacent to rapidly growing trichomes (Hervieux, Tsugawa et al. 2017). Stress could influence
the principle orientations of growth directly, as has been suggested from ablation experiments
in which microtubules are seen to realign (Hamant, Heisler et al. 2008), or indirectly by
influencing a biochemical polarity field (Heisler, Hamant et al. 2010). While stresses may be
involved, the simplest explanation to explore is the hypothesis that genes influence shape
through a biochemical-based polarity system. In this thesis | explore insights gained through

computer modelling to predict how this could be organised in planta.
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6. Generation of Leaf Shape Through Early Patterns of Growth

and Tissue Polarity

In this chapter | outline my contributions to a paper published in the journal Science (Kuchen,
Fox et al. 2012), reproduced in Appendix 2 with permission from AAAS. My position as joint
first author reflects the role | played throughout the entire program of research over more
than five years. Erika Kuchen and | contributed equally to the work. | led the extensive
program of experiments as outlined below, compiled figures and co-authored all manuscript

text.

6.1. Live imaging enabled leaf ontogeny to be studied dynamically

A major limitation of previous attempts to understand the ontogeny of a leaf is the
challenge of validating hypotheses with direct observations of changes happening at the tissue
level at the very earliest stages of development. The concept that specific regions of the leaf
function as distinct meristems is an enduring one, despite a lack of direct observations of
dynamically growing tissues. Rather, supporting evidence has been gathered via the indirect
approach of using snapshot images to predict regions undergoing high levels of cell division as
an indicator of growth. This association is underpinned by the assumption that cell divisions
are directly linked to growth and that identifying the location of cell proliferation explains how
leaves are formed. There has been a notable lack of discussion about how growth could be
regulated independently from cell division or alternatively, how patterns of cell divisions in
specific regions could lead to differential patterns of growth. Live-imaging the leaf surface
offers a fresh perspective with which to evaluate pre-existing ideas. Tracking tissue dynamics
from the early stages of leaf development enabled the investigation of how growth may be

coordinated to shape a leaf.

| employed a novel method to directly track Arabidopsis leaf one using time-lapse
confocal microscopy to visualise fluorescently-labelled cells. | used an optical-imaging chamber

in which multiple seedlings can be maintained for several days (Calder, Hindle et al. 2015).
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Leaf primordia were imaged using time-lapse confocal microscopy from 5 days after
stratification (DAS), at a width of approximately 100 um. In this environment, leaves remain
relatively flat. Accordingly, growth analysis was carried out in two dimensions (2D), simplifying

analysis.

| collaborated with computer scientist Pierre Barbier de Ruille to develop specialist
software to track growth and generate quantitative measurements. | manually placed
thousands of points at cell vertices on each image frame such that growth tensors could be
calculated for each region of the leaf. From these data, | generated measurements of growth
rates, anisotropy and principle orientations of growth. | manually determined the location of
the petiole-lamina boundary for each image so that growth from different datasets could be

compared. | tracked growth at a cellular level from cells lying approximately over the midline.

6.2. Standard growth curves

| generated growth curves for Arabidopsis leaf one from seedlings grown in standard
conditions on plates. | measured leaf widths and lengths for multiple seedlings from initiation
to maturity and used logistic curves to estimate growth rates, the time of leaf initiation and the
upper asymptote. From this framework, leaves grown in the chamber could be
developmentally staged. These data also provided the context to design clonal analysis

experiments such that clones were induced and imaged at a controlled developmental stage.

6.3. Clonal analysis

| used clonal analysis to estimate patterns of growth from Arabidopsis plants grown in
standard conditions on plates. These data were used to validate the results of live-imaging and
assess model predictions in regions of the leaf that are not amenable to live imaging. |
generated sectors of Green Fluorescent Protein (GFP) by heat shock at 3 or 6 days after
initiation (DAI). After 3 or 6 days of further growth leaves were removed, flattened and the

abaxial surface imaged by confocal microscopy. | used a modified version of the Sector
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Analysis Toolbox (Green, Kennaway et al. 2010) to analyse clonal patterns by a semi-automatic
process with manual input. This generated a virtual composite shape from the mean outlines
of individual leaves using Procrustes alignment (Gower 1975), normalising for scale and
position. Epidermal clones were segmented using a combination of automatic and manual
segmentation, after which each individual clone was warped onto the mean shape. To validate
direct tracking using clonal analysis | manually traced cell fates from time-lapse images and

compared these to patterns of clones at corresponding developmental stages.

6.4. Leaf excision

| repeated leaf excision experiments described in (Sena, Wang et al. 2009) to determine if
an excised young leaf retains the ability to repattern and regenerate. | cut leaves in half
approximately perpendicular to the midvein using micro-scissors and found no regeneration. |
developed a novel technique to improve the precision of the cut using a laser dissecting
microscope. Following laser excision, | transferred seedlings to the optical-imaging chamber to
carry out live-imaging of the events immediately following cutting. | found no regeneration.

These results undermined previously published reports and supported our model predictions.

6.5. Models of leaf growth

| collaborated with computer scientists to employ a mathematical modelling approach to
investigate mechanisms underlying organ shape and account for my experimental
observations. The Growing Polarised Tissue (GPT) framework was used to simulate the leaf as
a continuous sheet in which regionally expressed factors can interact and propagate
(Kennaway, Coen et al. 2011). Polarity is provided by signals that propagate through the tissue
and is anchored by polarity ‘organisers’. Model simulations were coded and implemented by
my co-authors Erika Kuchen and Richard Kennaway. | contributed to the theoretical
development and evaluation of models against experimental observations during collaborative

group sessions led by Professor Enrico Coen.
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7. Spatiotemporal coordination of cell division and growth

during organ morphogenesis

In this chapter | outline my contributions to a paper published in the journal PLOS Biology
((Fox, Southam et al. 2018) reproduced in Appendix 2, licensed under CC BY 2.0) on which | am
joint first author. This publication represents the culmination of a huge body of work
undertaken over several years by myself and a talented group of collaborators, including
experimentalists and computer scientists. My role as lead experimentalist was to execute the
large number of experiments and provide training and day-to-day supervision to PhD students
who also contributed to the project. | co-developed hypotheses, produced and compiled all

figures, co-authored all text, and carried out additional experiments required by reviewers.

7.1. Time-lapse imaging

| carried out time-lapse confocal imaging using the optical-imaging chamber at various
intervals to capture leaf growth from the speechless (spch) mutant and wild type. | measured
leaf width prior to converting confocal image stacks into single projections using various image
processing tools. For the later stages, when the leaf could not be captured in a single scan, |
merged multiple overlapping tiled scans to create a single composite image. | created
projections of the subepidermal layer using visualisation software to peel off the epidermal
surface. Several projections were created for each Z-stack (using different parameters to
reveal as many cells as possible in approximately the middle of the cell layer) which | then
manually merged together to create a composite image. This approach enabled me to

evaluate corresponding regions of multiple cell layers in the same organ.

7.2. Tracking growth and divisions

| quantified growth and division by tracking the displacement of cell vertices and

incorporating new cell walls as they appeared. The frequency of cell divisions was not

19



synchronised; neighbouring cells divided at different times and exhibited variation in the
duration of cell cycle. Some cells did not divide at all throughout the experiment. To aid
visualisation and characterise the pattern across the tissue, | categorised cells at each time
point according to whether they would undergo division (were competent to divide) during the
next time interval or at some point during the experiment, or whether they did not divide for
the remainder of the tracking experiment. This was visualised using a toolset (Track ‘n’ R)
created by my co-author Florent Pantin. | manually identified the first row of nondividing cells
for each tracking experiment and coloured these and corresponding cells in subsequent images
to show how these cells were displaced through growth. | identified the location of the
petiole-lamina boundary and categorised cells as forming part of the midline or lamina regions
by tracking linages back from a later time point when these features were more easily

identifiable.

7.3. Analysis of cell size using 3D segmentation

| carried out segmentation in three dimensions (3D) to validate surface measurements with
volumetric data. | collaborated with Professor Robert Sablowski to use modified Python scripts
(Serrano-Mislata, Schiessl et al. 2015), to measure the external surfaces and volume of
epidermal and subepidermal cells in 3D. | used Fiji macros (Schindelin, Arganda-Carreras et al.
2012) using the 3D Viewer and Point Picker plugins to visualise images and select cells with
manual input and quality control. | manually identified corresponding cells in surface
projections and plotted projected segmentation-based area against vertex-based area,
segmented surface area and cell volumes. | found vertex-based cell area to be a good proxy for
3D cell size. Cell thickness showed relatively little spatial variation, confirming that the major

contribution to cell size variation derives from cell area, validating our approach.

7.4. Analysis of subepidermal cells in wild type

To visualise subepidermal cells in wild-type leaves, | grew seedlings on plates in standard

conditions before sampling and fixing leaves to preserve tissue structure. | used confocal
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microscopy to image through the entire depth of the leaf before creating projections of the
subepidermal layer. | determined that subepidermal cells in wild type are broadly similar to

those in spch.

7.5. Standard growth curves for spch and fama leaf width

| generated growth curves for Arabidopsis leaf one from spch and fama mutant seedlings
grown on plates. | measured leaf widths for multiple seedlings at various DAS and used logistic
curves to fit the data. | compared these results to the standard curve of wild-type leaves and

showed that leaf widths are reduced in spch and fama.

7.6. Integrated models of growth and cell division

| collaborated with computer scientists to incorporate models of cell division competence
and execution to our previously published models of leaf growth. The GPT framework
(Kennaway, Coen et al. 2011) was used to simulate the leaf as a continuous sheet with an
additional superimposed layer of virtual cells (v-cells). Models were implemented by co-

authors Paul Southam, Florent Pantin and Richard Kennaway.

21



8. Supporting papers

In this chapter, | summarise my contribution to several publications on which | am a

contributing author.

8.1. Systems biology approach pinpoints minimum requirements for auxin

distribution during fruit opening

| provided experimental data that helped to determine how auxin minima are generated
and maintained in the developing Arabidopsis fruit ((Li, Vroomans et al. 2019) reproduced in
Appendix 2, licensed under CC BY 2.0). The valve margin is a highly specialised tissue that
forms a narrow strip down the entire length of the fruit and is required for fruit opening and
seed dispersal. Computer simulations suggested high rates of auxin flux across the valve
margin lead to the formation of auxin minima. | employed confocal microscopy to visualise
how the auxin efflux carrier PIN3 is localised in the valve margin. A previous study had
suggested the existence of apolar localisation of PIN efflux carriers in this location but was
unable to detect these (Sorefan, Girin et al. 2009). My images confirmed this prediction and
showed how auxin could be transported from the valve margin to the surrounding tissues. |
modified the laser dissection technique that | previously developed for the leaf (Kuchen, Fox et
al. 2012) to carry out precise ablations in the valve margin. These partial ablations of valve
margin tissue confirmed model predictions that leaving any part of the valve margin intact is
sufficient to redistribute auxin. My mechanical experiments provided the foundation for a

genetic approach that ablated the entire valve margin.

8.2. Evolution of regulatory interactions controlling floral asymmetry

In Antirrhinum, the transcription factor CYCLOIDIA (CYC) is key regulator of floral
asymmetry. | carried out a detailed analysis of Arabidopsis leaves and flowers in which CYC is
ectopically overexpressed in response to the glucocorticoid inducer dexamethasone (DEX)

((Costa, Fox et al. 2005) reproduced in Appendix 2 with permission). | found petals from
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Arabidopsis grown on DEX to be about 1.5 times larger than wild-type petals. Conversely,
leaves grown on DEX were dramatically smaller than wild type, as was the overall stature of the
plant. | used scanning electron microscopy to reveal the morphology of cells in induced and
non-induced leaves and petals. | found that the effect of CYC on petal area was due to
increased cell expansion. Conversely, | showed that CYC repressed growth in leaves through
reduced cell growth and reduced cell number. We hypothesised that this was likely through

early onset of cell division arrest.

8.3. Additional collaborations

| provided a genetic resource to reveal how repression of organ boundary genes promotes
morphogenesis of the Arabidopsis stem ((Bencivenga, Serrano-Mislata et al. 2016) reproduced
in Appendix 2, licensed under CC BY 2.0). | previously used the Cre-lox recombination system to
generate clones of ectopic GFP to study growth in the Arabidopsis leaf (Kuchen, Fox et al.
2012). A limitation of using this plant line is that expression is down-regulated after
approximately seven days. Furthermore, clones were not able to be induced in the SAM.
Transcriptional gene silencing has previously been associated with multicopy transgenes
incorporating the 35S promoter of cauliflower mosaic virus (Al-Kaff, Kreike et al. 2000, Tang,
Newton et al. 2006, Daxinger, Hunter et al. 2008). To overcome this, | designed and assembled
a new synthetic version of the lox-flanked construct using golden gate modular cloning
according to the common syntax ((Patron, Orzaez et al. 2015) on which | am named as an
author, reproduced in Appendix 2 with permission). | exchanged B-glucuronidase for cyan
fluorescent protein such that upon recombination, cells surrounding the GFP clone can be
visualised using confocal microscopy. | generated several independent stably transformed
plant lines containing a single insertion of the construct. Single copy, hemizygous individuals
had greatly reduced gene silencing. | shared this line with Professor Robert Sablowski, who
used it to visualise clones in the SAM and confirm the origin of the stem by revealing distinct
patterns of oriented cell division and growth in the central and peripheral regions of the rib

zone (Bencivenga, Serrano-Mislata et al. 2016).

| developed a transgenic line of Arabidopsis that underpinned two highly cited papers that

enhance our understanding of microtubule dynamics during plant cell division. | generated
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stable transgenic lines of Arabidopsis that incorporate a fluorescently tagged microtubule end
binding protein AtEB1a-GFP. The AtEB1a-GFP marks the plus ends of microtubules with a
comet-like pattern, enabling the transitions of microtubule arrays throughout the division cycle
to be analysed in suspension cells ((Chan, Calder et al. 2005) reproduced in Appendix 2 with
permission) and in hypocotyls ((Chan, Calder et al. 2007) reproduced in Appendix 2, licensed
under CC BY 2.0).

In 2013 | provided training and supervision for a visiting PhD student, Giulia Castorina, for
a 4-month placement in the Coen group. | trained Giulia in many techniques, including time
lapse imaging and provided advice and guidance for her project. After her departure |
continued the collaboration with Giulia and her group leader Lucio Conti, contributing to the
overall direction of research and providing critical analysis. My contribution to the overall
project, preparation of the manuscript and response to reviewer’s comments was recognised
with authorship on the published paper ((Castorina, Fox et al. 2016) reproduced in Appendix 2,
licensed under CC BY 2.0).

24



9. General Discussion

9.1. Summary of this work

In this work | present a detailed description of the patterns of cell growth and cell
division that underlie the shape transformation of an Arabidopsis leaf primordium into a
mature leaf. | find that growth occurs in a coordinated pattern which exhibits a broadly
proximodistal gradient in growth rates. | quantify the temporal dynamics and show that a
global drop in growth rates is evident at later developmental stages. | reveal the pattern of
growth anisotropy and show that initial pattern of growth is mainly orientated parallel with the
leaf midline. The major orientation of growth subsequently undergoes a switch to drive lateral
leaf expansion. | track the execution of cell division and show that a proximal zone of
epidermal cell division competence extends with the leaf as it grows, before retracting to the
base. | show how patterns of growth rates, cell division and cell sizes are integrated and
exhibit distinct relationships in different cell layers, genetic backgrounds and growth

conditions.

These dynamic maps of early organ development provided the basis to formulate and
evaluate hypotheses of how leaf growth and cell division could be coordinated using
computational modelling. The design-build-test iterative process enabled models to be
developed to match experimental observations and for model predictions to feed-back and
influence experimental design. This Systems Biology approach led to a hypothesis which
explains how a leaf shape can arise with patterns of growth and cell division that closely match
experimental observations. The integrated model predicts that orientated growth is
coordinated by an underlying biochemical-based polarity system and explains how the
processes of cell division and cell growth could be coordinated by a dual control mechanism via
common regulatory elements with cross connections. In this discussion, | evaluate how these
results contribute to the field of research and previously held views of leaf maturation and
growth coordination. | contribute to the long-held debate of how organs form from single cells
and conclude that aspects of cell theory and organismal theory taken together could account

for how complex, multicellular organs are formed.
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9.2. Increase in leaf width and length is exponential at early stages of

development

Leaf elongation has been described as occurring in several phases according to distinct
features; firstly a 'rapid but declining growth rate' concurrent with leaf initiation, followed by
exponential growth and finally a decline in growth rates during leaf maturation (Poethig and
Sussex 1985). To explore if this hypothesis accurately reflects macroscopic changes at the
organ level | measured leaf widths and lengths from multiple individual leaves at different
developmental stages from primordium initiation to maturity. Plotting these data revealed
that growth in width and length could be best approximated by a logistic function ((Kuchen,
Fox et al. 2012) Fig. S1., reproduced here in Figure 9-1). The rate of increase in leaf length and
width are exponential at early stages and subsequently drop to zero as length and width
plateaus when leaves reach maturity. Leaf widths from seedlings grown in the optical-imaging
chamber were evaluated according to this framework and found to be unperturbed for several
days. The analysis of epidermal surface growth rates provided the opportunity to develop
hypotheses that account for how tissue growth could be coordinated to generate changes at

the organ level.

26



10,10.00

1.00

size (mm)

0 3 6 9 12 15 18
Days after Initiation (DAI)

Figure 9-1. Growth analysis of leaf one. Growth curves for leaf width (black) and length (red),
with outlines of representative leaves. Inset shows measurements on a logarithmic scale.

From Kuchen, Fox et al. 2012.

9.3. A proximodistal gradient of growth rates along the leaf midline is present

from early stages

Live imaging revealed a complex and dynamic field of growth tensors throughout early
development. As a first step to understanding spatiotemporal dynamics of this pattern, |
quantified growth rates parallel to the long axis of the leaf in cells located along the midline. |
collaborated with Erika Kuchen to plot these results graphically. We found that growth occurs
along the full length of the midline, with rates that varied from the base to tip. Rates were
highest at the petiole-lamina boundary and were lowest close to the distal tip. The slope of this

gradient changed dynamically, from near-linear at early stages to subsequently flattening out
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in proximal regions whilst retaining a steep decline close to the leaf tip ((Kuchen, Fox et al.

2012) Fig. 1., reproduced here in Figure 9-2).
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Figure 9-2. Leaf growth analysis in 1D. Midline proximodistal growth rates for three replicates
(orange, green, and blue), and 1D models (black and grey lines). Distances from lamina base

correspond to those on the day indicated by an asterisk. Adapted from Kuchen, Fox et al. 2012.

The pattern of growth rates described here is broadly consistent with earlier

observations by George S. Avery in his classic work of 1933, which sought to define the origin
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of leaf tissues in Nicotiana tabacum (Avery 1933). The leaf surface was marked with a
rectangular network such that changes in the length and width of segments relative to the
organ could be calculated. Different regions of the leaf were found to grow at different rates.
Greater growth was recorded at the base, marginal and central regions relative to the tip. The
observation of slower relative growth at the leaf tip together with a study of tissue structure
prompted the idea that leaf maturity occurs basipetally, with the tip maturing earlier than the
base. Quantitative analysis was subsequently carried out using the displacement of points that
formed the corners of the grid to reveal a gradient in relative areal growth rates (Richards and
Kavanagh 1943). A limitation of this approach is that the placing of ink marks on the surface of
leaves required the tissue to be large enough to access, thus missing early stages during which

the major shape transformation occurs.

Longitudinal elongation of the young primordium has previously been studied
indirectly through histological characterisation of tissue sections. Cell divisions were predicted
to emanate from a region at the apex, suggesting that a meristematic region is located in this
zone (Avery 1933, Esau 1977). It was proposed that the early primordium elongates initially
through apical growth up until a leaf length of 2-3 mm, after which a switch occurs and growth
proceeds basipetally (Avery 1933). My dynamic quantification of growth parallel to the leaf
midline provides no evidence for apical driven growth. In contrast, | find a proximodistal
gradient in growth rates from the earliest stages amenable to tracking, around 0.2 mm length.
The pattern of differential growth | observe confirms Avery's findings in leaves at later stages
and suggests that a basipetal pattern is present from the early stages of development. This

raises the question of how this pattern of growth could be coordinated.

9.4. A proximodistal gradient can account for observed growth rates along the

midline

Computer modelling was used to explore how the observed pattern of differential
growth along the midline could be generated. Models were developed using a limited set of
factors including a growth-promoting factor, PGRAD. In a simulation in which an initially linear

gradient of PGRAD was fixed to the tissue, the pattern of resultant growth rates was similar to
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those observed experimentally. The slope of growth rates changed from a linear drop to
exhibiting an extended downward curve at later stages (Figure 9-2). This is because regions
with the highest concentration of PGRAD, grow faster and extend more than regions with
lower concentrations of PGRAD. Mathematically recapitulating experimental observations in a
simplified modelling environment helps to clarify how they might be coordinated biologically.
Models are underpinned by the idea that a gradient of a growth-promoting factor is fixed to
the tissue and deforms with growth. This suggests that cells may have a mechanism to retain

growth rate information and transmit it to their progeny, via a kind of ‘memory’.

Our initial model was not sufficient to capture the observed temporal variation within
the growth pattern: growth rates dropped in all regions of the leaf through time. The global
drop in growth rates could be accounted for by incorporating a factor that functions to
negatively regulate growth rates at the later stages. Thus, a prediction is that a molecular
regulator may become active at the later stages of development to negatively influence growth

rates via some sort of ‘timer’.

The modelling described here shows how a differential pattern of growth rates could
be coordinated in one-dimension (1D) by the graded distribution of a factor. Thus, a
mechanism based on long-range signalling could coordinate growth across the tissue: cells
exhibit growth rates dependent on the concentration of growth-promoting signal they receive.
The model also suggests a degree of cell autonomous control, since the concentration of
PGRAD is subsequently ‘remembered’ or maintained by individual cells and their progeny. To
explore if such a hypothesis could be extended to account for growth patterns in 2D, | analysed

patterns of growth across the leaf surface.

9.5. Areal growth rates in the epidermis exhibit a complex spatiotemporal

pattern

Plotting areal growth rates across the surface of the lamina revealed a complex pattern
that varied in space and time ((Kuchen, Fox et al. 2012) Fig. 1., reproduced here in Figure 9-3).

Areal growth rates were highest towards the lamina base and in lateral regions, and were
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generally lower along the midline and towards the tip. These data are broadly consistent with
the pattern of growth rates described previously for the tobacco leaf (Avery 1933, Richards and
Kavanagh 1943) and Xanthium (Erickson 1966) and provide a new opportunity to explore the

role of anisotropic growth in shape formation.

4 DAl 5DAl

Figure 9-3. Leaf growth analysis in 2D. Areal growth rates (heat map) at the end of each

period. Scale bars, 100 um. Adapted from Kuchen, Fox et al. 2012.

Areal growth rates can be decomposed from growth tensors in each region to reveal the
relative contribution of growth in the major and minor orientations. In addition, growth
relative to any other orientation can be evaluated mathematically. Decomposing areal growth
rates relative to the overall organ axes revealed how the patterns of growth aligned with
longitudinal extension of the primordium and lateral expansion of the lamina ((Fox, Southam et
al. 2018) Fig. 1., reproduced here in Figure 9-4). Growth rates parallel to the leaf midline for
the whole leaf surface amenable to tracking showed a proximodistal pattern similar to that
observed for the midline region alone. In contrast, plotting growth in the mediolaterial
orientation (perpendicular to the midline) revealed that growth rates increase with proximity
to the lateral boundaries and decrease towards the leaf midline. These observations may be
key to understanding how organ outgrowth is coordinated. The presence of small cells close to
the margin has previously been interpreted as evidence for high rates of cell proliferation. This

formed the basis of the idea that a meristem coordinates lamina outgrowth through control of
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orientated cell division. An alternative hypothesis is that proximodistal and mediolaterial leaf

expansion could be coordinated through coordinated patterns of orientated growth.
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Figure 9-4. Dynamics of growth in the spch epidermis. Time-lapse imaging of a spch leaf at
approximately 12-h intervals over 4 d (0—100 h; last time point in series not shown). Data
shown on the first time point (underlined) for each tracking interval. Leaf widths for the first
time point (left to right) are 0.15, 0.22, 0.27, 0.31, 0.39, 0.48, and 0.68 mm. (A-C) Cellular
growth rates (heat maps) for each tracking interval. (A) Areal growth rates. (B) Growth rates
parallel to the midline (proximodistal). (C) Growth rates perpendicular to the midline
(mediolateral). Leaf outline indicated by dotted black line. Grey boxes are aligned to the
petiole-lamina boundary and extend to 150 or 300 um. Scale bar, 100 um. Adapted from Figure
1 of Fox, Southam et al. 2018.
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9.6. Leaf growth is highly anisotropic

Despite the limitations of the methodology and mathematical analysis, Avery
postulated that differentially distributed growth, which he termed 'localised growth', together
with 'polarised growth' (greater growth in one dimension than another, now termed
anisotropy) are together responsible for the shape of the organ (Avery 1933). This hypothesis
is based on the profound understanding that the patterning of growth itself should be
considered in addition to the patterns of cell division. As will be discussed later, many
subsequent studies used markers of cell division as a proxy with which to make predictions of
how growth of the organ could be coordinated. The growth anisotropy of the tobacco leaf
surface was captured by the quantification of relative growth rates to produce the orientations
of maximum and minimum growth rates for each segment (Richards and Kavanagh 1943).
Although this analysis provided only a crude approximation of leaf growth, it is clear from the
figures that major orientation of growth varies across the surface of the lamina, implying a role
for growth anisotropy. The contribution of anisotropic growth has been questioned by
subsequent reports in Xanthium (Erickson 1966) and tobacco (Poethig and Sussex 1985) that

concluded leaf growth is largely isotropic.

The role of isotropic growth has recently been explored mathematically through
conformal mapping in which local angles are preserved after transformational displacement
through growth. One report suggested that around 90% of the overall displacement field of
organ growth could be accounted for by conformal transformations (Alim, Armon et al. 2016).
Another study suggested conformal leaf growth could be accounted for through differential
patterns of isotropic growth coordinated according to a linear gradient of a diffusible signal
molecule (Mitchison 2016). These analyses did not fully consider regional and temporal

variations in anisotropy that may be more important at earlier stages of development.

My analysis provides a dataset from which a detailed quantification of the
spatiotemporal dynamics of the surface relative growth rates could be carried out and from
which the contributions of growth in different orientations could be evaluated.
Characterisation of the spatiotemporal dynamics of the major orientations of growth in the

Arabidopsis leaf showed a complex dynamic pattern of anisotropic and isotropic growth
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((Kuchen, Fox et al. 2012) Fig. 1., reproduced here in Figure 9-5). | found growth to be highly
anisotropic at the earliest stages visualised. The major orientations of growth at this stage are
aligned broadly parallel to the proximodistal axis of the leaf. This is consistent with the idea
that primordium first elongates preferentially along this direction after organ initiation, prior to
lamina outgrowth. Dynamic tracking revealed a nuance to this pattern that had not been
previously predicted. Growth orientations converge towards the leaf tip in distal regions.
Furthermore, at later stages of development, | observed that lamina regions close to the
midline exhibit oblique orientations of growth. Orientations appear to splay out from the
midline and angle towards the leaf margin. In some regions of the lamina growth is isotropic.
At the latest stage tracked, | observed a switch in orientation with major orientations of growth
aligned predominantly with the mediolateral axis of the leaf. Some of these features were also
captured by an independent study that quantified growth patterns in three dimensions via the
displacement of fluorescent beads (Remmler and Rolland-Lagan 2012). Growth anisotropy was
observed from the earliest stages analysed and found to decrease together with growth rates

as leaves reached maturity.
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Figure 9-5. Principal directions of growth. Black lines, where anisotropy > 10%) at the end of

each period. Scale bars, 100 mm. Adapted from Kuchen, Fox et al. 2012.

This detailed quantitative analysis serves to resolve previous inconsistencies in the
literature and add weight to the importance of growth anisotropy in shaping a leaf. My

dynamic description of epidermal leaf growth confirms the extent and character of anisotropic
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growth that underpins early leaf development. This raises the question of how such a highly

coordinated pattern of anisotropic growth could be coordinated.

9.7. Leaf shape can be coordinated through tissue polarity

The pattern of differential anisotropic growth described here raises the question of
how the principle orientations of growth are defined and coordinated in planta. A hypothesis
to account for how organ shape and tissue polarity could be coordinated by underlying tissue
polarity organisers has previously been proposed to account for the shape of the snapdragon
(Antirrhinum) flower (Green, Kennaway et al. 2010). This theoretical framework has the
benefit of abstracting away from cells and considers a continuum of interconnected tissue.
Due to experimental constraints, the snapdragon model could not be validated with direct
observations of tissue growth patterns. The Arabidopsis leaf offered an opportunity to explore
if a similar framework may help explain organ formation in an experimental system in which

models could be evaluated against quantitative dynamic data.

Models were implemented in 2D using the GPT framework. Local growth orientations
are specified parallel and perpendicular to the proximodistal gradient of a factor distributed
through the canvas, POLARISER (POL). The distribution of POL is maintained parallel to the
midline and is independent of tissue deformations. Growth rates depend on the activity of
factors that promote or repress growth and simulate the action of genes. Mechanical
constraints also affect growth since the tissue is interconnected, as such neighbouring regions
influence the growth of each other. Thus, resultant growth rates do not match exactly to the
underlying specified rates. Starting with a canvas shape based on the shape and size of a
young primordium, running the model generated shape changes and patterns of growth rates
and orientations that broadly match those observed experimentally ((Kuchen, Fox et al. 2012)
Fig.1, reproduced here in Figure 9-6 A,C).

It is not clear how such a non-deforming orthogonal pattern of POL could be
coordinated biologically. We explored an alternative method of POL propagation in which the
polarity field deforms with feedback from geometry and tissue growth. The gradient of POL is

generated by the antagonistic effects of production at the base by an identity factor and
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degradation everywhere else at a constant rate. Propagation rates of POL were varied such
that the initial distribution of POL was fixed to the initial canvas or at the other extreme,
continuously deformed with the tissue. Both models generated similar patterns of resultant
growth and orientations that matched experimental observations better than the non-
deforming model (Figure 9-6 B,D).

The modelling described here suggests a mechanism by which genes can control

orientated growth according to an underlying biochemical-based polarity system.

Figure 9-6. 2D models. (A) Resultant shape, POL levels and specified growth orientations
(arrows) for nondeforming and (B) deforming (organiser based) models. (C) Resultant shapes,
areal growth rates, and directions of growth (black lines, where anisotropy > 5%) for 2D
nondeforming and (D) deforming (organiser-based) models. Heat map and staging as in Figure
9-3. Scale bars, 100 um. Adapted from Kuchen, Fox et al. 2012. Models were generated by

Erika Kuchen.
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9.8. Leaves are not able to repattern and regenerate following excision

A key feature of the leaf models is that that the spatial pattern of growth rates is
established early in development. There is no implication that leaves could spontaneously
repattern growth and regenerate tissue to reach a predetermined final size. This hypothesis
was undermined by a report that suggested young leaves retain the ability to regenerate

following distal leaf excision (Sena, Wang et al. 2009).

To explore this possibility, | made precise excisions of young leaf tissue and used live-
imaging to monitor any subsequent changes at tissue level. | found no evidence of re-
patterning or re-generation. In contrast, | found rates below the point of excision largely
unchanged except for narrow regions very close to the site of excision which appeared slightly

reduced in growth ((Kuchen, Fox et al. 2012) Fig. 3., reproduced here in Figure 9-7).
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Figure 9-7 Distal leaf excision. (A) Excision of the distal half of leaf 1 lamina at 6 DALI. Distal
region was removed after laser cut (pale line). (B) Leaf 1, 6 days after distal excision, viewed
from the top and (C) from lower (abaxial) side, showing a curved indentation at the tip (arrow).
(D) Leaf 1 cut at 6 DAI (left) and tracked until 9 DAI (right). Areal growth rates (heat map)
calculated over the last 24 hours of tracking. Boundary of cut highlighted with magenta line. (E)
Leaf after tracking growth for 5 days after distal excision. (F) Tracked uncut leaf with a blue line
shown at a similar position to the cut in (D). (G) Principal directions of growth (black lines,
where anisotropy >10%) for leaf shown in (D). (H) Excision of the distal half of the canvas and
(1) output after growth according to the organizer-based model, showing areal growth rates
and resultant directions of growth (black lines, where anisotropy >5%). Scale bar, 100 mm.

From Kuchen, Fox et al. 2012. Models in (H) and (I) were generated by Erika Kuchen.
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The leaf model was modified to simulate distal leaf excision. Resultant patterns of
growth rates and the final organ shape matched well to experimental observations. The model
helps to explain how previous results could have been misinterpreted. Excision of a relatively
large proportion of the young leaf results in only a small absence of material at later stages

because of differential growth rates.

9.9. The pattern of clones does not support the hypothesis that cell division is

focused at the margin

Thus far | have discussed how the orientations of growth in the lamina region broadly
align with the mediolateral leaf axis at later stages. Furthermore, | have shown that
guantifying growth rates confirms earlier predictions that growth is indeed higher in the lamina
compared to other regions. These findings appear to support the idea that a region at the
margin is important for coordinating lamina outgrowth, yet do not explicitly imply a role for

coordinated cell division as has previously been proposed.

The idea that lamina outgrowth is coordinated through orientated cell division at the
abaxial-adaxial leaf boundary underpins a model that generates a flat-leaf structure
(Hayakawa, Tachikawa et al. 2016). A simulated cross-section of a leaf was generated through
mutual inhibition of adaxial-abaxial identities if cells at the margin divide periclinally to
maintain flatness. The tissue extends laterally from the margin because after a cell divides, the
daughter cell closest to the margin will be next to divide again. A file of related cells was
generated maintaining the boundary between cell identities. This model implies that the
adaxial-abaxial boundary provides a polarity bias to control the cell division axis. If cell division

is restricted to the margin, it should be possible to visualise this by tracing cell lineages.

Clonal analysis has previously been used as a tool to investigate cell lineage and the
origin of leaf tissue in tobacco (Poethig and Sussex 1985). The method used to generate clones
was based on irradiation to generate a cell-autonomous mutation, visualised by a colour
change of the tissue from yellow to dark green. Variation in mutation frequency was linked to

cell cycle and thus frequency of cell division. In contrast to what might be expected, no clones
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were observed to extend from the margin to the midline. Thus, the orientation and frequency
of cell division close to the leaf margin was interpreted to play a minor role on the overall

growth of the organ.

Direct tracking should provide unequivocal evidence on the patterns of divisions close
to the margin. Unfortunately, the most lateral regions of the leaf, particularly regions close to
the leaf base, are not easily visualised in intact seedlings. This is due to the curvature of the
leaf rendering these regions too far away and at an oblique angle from the microscope
objective. Furthermore, at early stages, primordia are obscured by the petioles of overlying
cotyledons. Growth in lateral regions of Arabidopsis leaves has been visualised by others using
a long working-distance water immersion objective (Vuolo, Kierzkowski et al. 2018). The
optical-imaging chamber is a sealed sterile unit, in which multiple seedlings can be visualised
through a coverslip. This system is not compatible with water immersion objectives. It is
possible that seedlings could have been mounted at a sideways angle with respect to the
coverslip, however this proved technically difficult to achieve without damaging other parts of
the seedling. As an alternative, | used clonal analysis to estimate patterns of growth across the
full surface of the leaf. The expression of GFP is induced via by a 2-component transgenic
system mediated by Cre-lox recombination (Gallois, Woodward et al. 2002). After a brief heat
shock, cells are randomly induced to express GFP cell autonomously, independent of the cell
cycle. By limiting the duration of heat shock, the number of induced cells is reduced and a
random spread of clones generated. The timing of heat shock and subsequent imaging of
flattened leaves was matched to complement the developmental stages captured by live
imaging. Since clonal analysis could be carried out on seedlings grown on plates, this approach
also had the benefit of providing a qualitative validation of growth parameters generated from

plants grown in the chamber.

The size, shape and orientation of induced clones matched well those generated by
tracing cell fates from live-imaging data ((Kuchen, Fox et al. 2012) Fig S6, reproduced here in
Figure 9-8). Clones appear evenly distributed across the surface with no clear bias in any
region. A statistical analysis could be carried out to confirm this. In contrast to what may be

expected if division was concentrated at the leaf margin, | found few clones to be in direct
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contact with this region. Furthermore, the pattern of clones does not splay out from the

margin. My analysis confirms cell division is dispersed across the leaf surface.

Figure 9-8 Validation of direct tracking using clonal analysis. (A and C) Cell fates from time-
lapse imaging: (A) Cells tracked from 4 DAI (small leaf on left) to 6 DAI (right leaf) and (C) from
6 DAI (left leaf) to 8 DAI (right leaf). Examples of tracked clones are shown enlarged. (B and D)
Clones induced at 3 DAI (B) or 6 DAI (D) and imaged at comparable developmental stages to (A)
and (B) respectively (6 DAl and 9 DAI). Clones from several leaves have been superimposed.

Scale bars, 100 um. From Kuchen, Fox et al. 2012.
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Clonal analysis combined with dynamic patterns of growth captured through live
imaging provides a detailed description of the changes taking place throughout the entire
epidermal surface during early leaf development. These provide evidence that leaf
morphogenesis is coordinated across the surface through orientated patterns of growth and
dispersed patterns of cell division. Biologically, tissue grows by the combined processes of cell
division and cell expansion. A key question to address is how these processes are integrated

within a growing tissue.

9.10. Integrating patterns of growth and cell division

Patterns of cell proliferation have previously been predicted from fixed specimens
according to the expression of a molecular marker of cell cycling. Localisation of cyc1At::GUS
indicated that cell division is not restricted to cells at the boundary between cell surfaces in
Arabidopsis, as has been predicted (Hayakawa, Tachikawa et al. 2016). Cells ceased cycling in
this region long before those of other leaf tissues (Donnelly, Bonetta et al. 1999). Mitotic cells
were initially observed throughout the leaf and gradually became restricted towards the leaf
base. This finding was linked with patterns of high growth in basal regions (Avery 1933) and
supported the idea that patterns of growth could be inferred from regions undergoing cell
division. These data lead to the suggestion that cell cycling related to differentiation of specific
cell types is superimposed on that of general, proliferative cell divisions. Secondary,
differentiating divisions were predicted to occur with a distinct spatial pattern that was
maintained for longer than proliferating divisions (Donnelly, Bonetta et al. 1999). These
findings align less with the term marginal or plate ‘meristem’ since no evidence was found for
stem cell initials. Instead, the term ‘marginal blastozone’, has been proposed to better reflect
that growth and division may be coordinated in a specific region that is competent for

organogenesis (Hagemann and Gleissberg 1996).

By simplifying my analysis to ignore cell division and consider how patterns of
anisotropic growth could be coordinated in isolation we were able to generate a model that
accounts for leaf morphology through a reductionist approach independent of the unit of the

cell. In order to fully understand the process of leaf morphogenesis it was necessary to explore
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how patterns of cell division and cell sizes relate to the observed patterns of growth and

determine how these features could be integrated to shape a leaf.

9.11. The relationship between cell division and growth can be explored in

the spch mutant

Analysing patterns of cell proliferation in the epidermal leaf surface through direct
tracking or via static images of cells undergoing mitosis is complicated because divisions
leading to the differentiation of specialised cell types are interspersed with general
proliferating divisions. It has been proposed that general proliferating divisions are the primary
contributor to leaf morphogenesis and are coordinated by an independent regulatory pathway

to the dispersed differentiating divisions (Donnelly, Bonetta et al. 1999, White 2006).

The abaxial surface of Arabidopsis leaf one comprises many stomata which function to
facilitate gas exchange. The speechless (spch) mutant lacks divisions in the stomatal lineage
and exhibits a considerably simplified pattern of divisions (MacAlister, Ohashi-Ito et al. 2006).
When grown on soil or plates, spch plants are small and pale (MacAlister, Ohashi-Ito et al.
2006). In the optical-imaging chamber, in which seedlings are submerged under liquid, leaf
one of spch is similar in size and shape to WT ((Fox, Southam et al. 2018) S14 Fig., reproduced

here in Figure 9-9).
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Figure 9-9. Comparison of wild-type and spch grown in the imaging chamber. Measurements
of leaf 1 from six independent tracking experiments, two wild-type individuals, and four spch
individuals (colour key). The initial data point from each tracking experiment was normalised to
the wildtype logistic curve (solid black line) to enable subsequent growth rates to be

compared. Pink line shows output leaf widths for the model. Blue line shows output for the leaf
model tuned to match spch growth in the chamber at later stages. From S14 Fig. of Fox,

Southam et al. 2018.
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The finding that environmental conditions can mitigate the spch growth defect
suggests it is at least partly physiological in nature and due to the lack of functioning stomata
rather than changes in the pattern of cell proliferation per se. Furthermore, this finding
suggests that the size and shape of a mature leaf is at least partially independent of the
differentiating divisions that form part of the stomatal lineage. This hypothesis is supported by
comparing the phenotype of spch leaves to those of the fama (basic helix-loop-helix
transcription factor bHLH097) mutant. Leaves of fama lack functioning stomata yet retain
asymmetric divisions in the stomatal lineage (Ohashi-Ito and Bergmann 2006). | found that
fama mutant leaves attained only slightly larger width to spch mutants when grown on plates,
consistent with the lack of stomata being the primary cause of reduced growth ((Fox, Southam
et al. 2018) S14 Fig., reproduced here in Figure 9-10). Time-lapse imaging of a developing spch
leaf provided a dataset from which the spatiotemporal patterns of pavement cell divisions and

growth rates could be analysed.
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Figure 9-10. Comparison of wild-type, spch and fama leaf widths. Width measurements of
leaf 1 from wild type, spch and fama seedlings grown on plates. The fitted growth curve of
wild type (solid black line) was based on a logistic calculation of leaf widths (open squares).

Adapted from S14 Fig. of Fox, Southam et al. 2018.

9.12. A proximal zone of division competence explains the dynamics of cell

division

Tracking cell division competence in spch revealed a coordinated pattern of division
competence in the epidermal layer ((Fox, Southam et al. 2018) Fig. 1., reproduced here in
Figure 9-11). Cells were competent to divide in a specific proximal corridor that spans the
width of the leaf. The zone of epidermal division competence has a fixed distal limit that

extends through growth to a maximum of approximately 300 um from the petiole-lamina
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boundary. The competence zone later retracted to the base of the leaf. Retraction occurred

earlier in the midline region than in the lateral lamina.

0-14h  14-24h  24-35h 3547h 47-58h 58-74h 74-100h

Figure 9-11. Dynamics of cell division in the spch epidermis. Time-lapse imaging of a spch leaf
at approximately 12-h intervals over 4 d (0—100 h; last time point in series not shown). Data
shown on the first time point (underlined) for each tracking interval. Leaf widths for the first
time point (left to right) are 0.15, 0.22, 0.27, 0.31, 0.39, 0.48, and 0.68 mm. Cells amenable to
tracking that were competent to divide (green), and either executed division during the
interval (light green) or divided in a later interval (dark green). Cells that did not divide (black,
first row in 0-14 h are coloured orange throughout). For the last interval (74—100 h), cell
divisions could only be tracked for a subset of cells because of missing data points at 100 h.
Leaf outline indicated by dotted black line. Grey boxes are aligned to the petiole-lamina
boundary and extend to 150 or 300 um. Scale bar = 100 um. Adapted from Figure 1 of Fox,
Southam et al. 2018.

Analysis of wild-type leaves confirmed that the dynamics captured in spch are
applicable to cells that do not form part of the stomatal lineage in wild type (Fox, Southam et
al. 2018) Fig.7., reproduced here in Figure 9-12). These spatiotemporal dynamics help clarify
previous predictions based on snapshot images and can be used to evaluate the idea that leaf

growth is coordinated at the margin.
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Figure 9-12. Dynamics of cell division in the wild-type epidermis. Cells amenable to tracking
from time-lapse imaging of a wild-type leaf at approximately 1-h intervals over 2.5 d (0-57 h,
last time point in series not shown). Data are visualised over about 12-h intervals and shown
on first time point (underlined) for each interval. Leaf widths for first time point (left to right)
are 0.17,0.23,0.28, 0.39, and 0.42 mm. (A) Cells amenable to tracking that were competent to
divide (green) and either executed division during the interval (light green) or divided in a later
interval (dark green). Cells that did not divide (black). (B) Non-stomatal divisions coloured as
for (A). Stomatal lineage divisions that executed division during the interval (yellow) or divided
in a later interval (orange). Leaf outline indicated by dotted black line. The petiole-lamina
boundary was defined as described in Fig 1. Grey boxes are aligned to the petiole-lamina
boundary and extend to 150 or 300 um. Cells within the magenta lines were assigned as being
destined to form the midline according to their position and shape in the final image. Scale

bars, 100 um. Adapted from Fig 7 of Fox, Southam et al. 2018.
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The smallest leaves tracked were around 100 um width and 150-175 pum length,
appearing as a dome-shape. At this stage, cotyledons obscure the most lateral and basal
regions, such that only cells in the middle and tip regions can be visualised. Epidermal cells are
similar in size and shape across the surface. Tracking only the cells that are visible in the first
time point (excluding those that become visible as the leaf grows and flattens) reveals that
their progeny form the central and distal region of the leaf in the final time point ((Fox,
Southam et al. 2018) S2 Fig, reproduced here in Figure 9-13). Cells in the central region were
classified as forming the midline (within the black outline) based on their elongated shapes.
The rest of the leaf tissue must originate from the region between tracked cells and leaf outline

in the first image.
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Figure 9-13. Assignment of the midline and lamina regions. Lineages were traced from cells
visible at the beginning of the experiment (0 h, left) through to the end (74 h, right) and were
assigned an arbitrary colour. Cells in the midline (within the black outline) were identified using
the position and shape of clones (cells of the same lineage) in the final image, as was the
approximate position of the distal end of the midline (dark grey). Cells outside the midline
region were classified as being in the lamina. Scale bar, 100 um. From S2 Fig. of Fox, Southam

et al. 2018.

The displacement of tissue through non-uniform growth is captured by the growth
model and can be visualised through the deformation of a regular grid superimposed onto the
surface ((Kuchen 2011), reproduced with permission in Figure 9-14). Higher rates of growth in
the base region of the leaf, coupled with the restriction on growth in the midline in the
mediolaterial orientation, result in non-uniform deformation. The highlighted region

comprises 39% of the grid in the first time point and 72% in the final time point.
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Figure 9-14. Canvas deformations. The canvas non-uniformly deforms with growth as
demonstrated by a superimposed grid. Note how the squares are wider towards the

margin in the last timepoint. Scale bars 100 um. Adapted from Kuchen 2011.

The observation that differential orientated growth is associated with lamina
outgrowth helps clarify previous hypotheses. | show here that divisions are not restricted to
cells at the adaxial-abaxial epidermal boundary. In contrast, divisions are dispersed across the
tissue in a pattern that forms a proximal zone of division competence. This pattern is broadly
consistent with the idea that division is coordinated in a blastozone. The challenge of
understanding thus becomes how changes at the cellular level are integrated to generate the
observed patterns at the tissue level. The temporal and spatial dynamics of the zone of
division competence provides a unique opportunity to explore how mechanisms underlying the
control of cell division and the timing of division arrest contribute to organ growth and how

these processes relate to cell expansion.
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9.13. Dynamics of the competence zone explains the cell cycle arrest front

progression

The dynamics of cell division arrest underpin much of current thinking relating to leaf
morphogenesis. Conceptually, if cells continue to divide for longer, the leaf could end up with
more cells and reach maturity at a larger size and potentially with an altered shape, assuming
cells attain their final size. The timing of cell division arrest is therefore assumed to influence
final leaf size and shape, as exhibited by mutants which have larger leaves and an increased

number of cells (Nath, Crawford et al. 2003, White 2006, Li, Zheng et al. 2008).

Cell division arrest and the switch to growth by expansion is associated with leaf
maturity and presents with a basipetal pattern (Avery 1933, Esau 1977, Donnelly, Bonetta et al.
1999). The conventional view that a wave of cell division arrest emanates at the leaf tip and
progresses gradually towards the leaf base (Donnelly, Bonetta et al. 1999, Nath, Crawford et al.
2003, White 2006) has been superseded by the idea that exit from proliferation is not such a
gradual process (Andriankaja, Dhondt et al. 2012). The dynamics of cell cycle arrest were
characterised through static images in accordance with leaf size to suggest that rather than a
basipetal wave, the primary arrest front associated with proliferating divisions remains at a
fixed distance from the leaf base before retracting (Kazama, Ichihashi et al. 2010). A computer
simulation in 1D reproduced arrest front positioning by assuming that division is regulated by
the concentration of a mobile growth factor. The transition from proliferation to expansion
has also been mapped using morphological changes to predict whether cells are proliferative
or not (Andriankaja, Dhondt et al. 2012). Cells that are small and round were assumed to be
more likely to divide than large jigsaw puzzle-shaped cells. The authors suggested that rather
than having an absolute fixed distal limit, the proliferation zone increases in absolute size,
while decreasing in relative length in proportion to the leaf overall. These complex dynamics
may require multiple underlying processes acting antagonistically to regulate cell expansion

and proliferation.

A complication of these experimental approaches is that the dynamics of cell-cycle

arrest of epidermal proliferative divisions were difficult to discriminate from differentiating
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divisions. Tracking divisions in the spch background offered a novel opportunity to explore

arrest front dynamics.

9.14. Organ size can be influenced by changes in cell size and/or cell number

Live-imaging revealed a proximal zone of cell division competence (Figure 9-11). Cells
outside the competence zone continue to grow after they have ceased dividing thus are larger
than those in the competence zone. These direct observations confirm some earlier
predictions of division patterns based on the notion that small, round cells are more likely to
be mitotic (Andriankaja, Dhondt et al. 2012). Cell size reflects the antagonistic processes of
growth through expansion which increases cell size and cell division execution which causes a
halving in size after each cell cycle (for symmetrical divisions). Cell size thus may be an

emergent feature of the interplay of these processes.

The relationship between cell division and growth is difficult to characterise in the
context of a continuously deforming and changing environment. Since the processes are so
tightly linked, it can be challenging to disentangle cause from effect. In theory, cell division
could drive growth, growth could drive division or independent regulation could act upon both
processes. Evidence for a sequential control mechanism appears to be supported by mutants
in which changes in cell number appear to be compensated for by changes in cell size
(reviewed by (Horiguchi and Tsukaya 2011)). This suggests leaves have a mechanism to
maintain overall organ size. In other examples, leaves that are reduced in size have smaller,

fewer cells (Horiguchi, Ferjani et al. 2006).

Exploring the correlations between growth and cell division dynamically and in multiple

cell layers provided evidence that the relationship may not always be so conserved.
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9.15. Cell size is negatively correlated with cell division

Analysis of cell surface area in the epidermis revealed a proximodistal gradient in cell
size that correlated with growth rates and competence to divide ((Fox, Southam et al. 2018) Fig
4.). Correlations between cell size and growth rates have previously been reported for the
Arabidopsis shoot apical meristem (SAM), suggesting an inverse relationship between cell size
and cell cycle duration whereby smaller cells take longer to divide than larger cells (Jones,
2017). | found a negative correlation between these features; regions of the leaf exhibiting
higher growth rates tend to have smaller cell sizes as well as shorter cell cycle durations. This
suggests that correlations between cell size and cell division rates are not universal. It also
provides evidence that the mechanism underlying cell size homeostasis in the SAM is not
compatible with the shape transformation of determinate organs. There was no fixed
threshold of growth rates above which cells were competent to divide; the relationship is not
constant for different regions or developmental stages ((Fox, Southam et al. 2018) Fig. 31). This
suggests that though cell size alone cannot accurately define whether a cell is competent to
divide, the feature can indicate where divisions are likely to occur within a heterogenic region

of a leaf.

Thus far | have described growth dynamics in the epidermal cell layer and abstracted
behaviours to the whole organ level. This is supported by the general view that the epidermis
plays an important role in coordinating growth (Savaldi-Goldstein, Peto et al. 2007). Genetic
chimeras provide evidence that the epidermis influences cell division in the mesophyll,
suggesting that this cell type drives expansion of the leaf blade (Marcotrigiano 2010). In
Arabidopsis, reticulata mutant leaves have greatly reduced cell density of internal layers yet
almost normal leaf shape (Gonzalez-Baydn, Kinsman et al. 2006). Nevertheless, cell division
has been predicted to continue in the subepidermis after division has ceased in the epidermis
(Avery 1933, Donnelly, Bonetta et al. 1999). It is unclear whether the observed relationships

between cell division and growth are maintained in this different cell type.

Growing plants under liquid growth media in the chamber renders subepidermal cells

more amenable to imaging than they would normally be in live specimens. Since the size of

55



cells is not conserved, analysing tissue dynamics in the subepidermis offered the opportunity

to explore the relationship between growth rates and cell division in these distinct layers.

9.16. The relationship between growth and division is decoupled in the

subepidermis

Patterns of cell division and cell growth in the epidermis are highly correlated. One
hypothesis to explain this is that these processes are regulatory linked. If this is a conserved
feature of organ development then we should expect to see similar correlation in other tissue
layers.

Adjacent to the abaxial epidermis lies a layer of subepidermal cells. | used 3D image
visualisation software to reveal the subepidermal cell layer from spch plants grown in the
chamber. | compared patterns of cell division competence, cell size and growth rates to those
of the adjacent epidermal layer. Areal growth rates were broadly similar in both the epidermal
and subepidermal layers, with rates marginally lower in the subepidermis ((Fox, Southam et al.

2018) S9 Fig., reproduced here in Figure 9-15).
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Figure 9-15. Comparison of epidermal and subepidermal cell areal growth rates. Average cell
areal growth rates for each tracking interval are shown on the first image of each interval (time
point underlined). (A) Epidermis, (B) subepidermis. The patch of cells is also shown at different
scales for comparison. (C) Epidermis. (D) Subepidermis, showing increase in number of cells
through division compared to the epidermis. Numbers refer to number of cells. Scale bars, 50

pm. From S9 Fig. of Fox, Southam et al. 2018.

This difference in growth rates between layers manifests in the appearance of air
spaces between subepidermal cells which become progressively larger over time ((Fox,
Southam et al. 2018) Fig. 5., reproduced here in Figure 9-16). This supports the idea that

expansion of the leaf is primarily driven by cells in the epidermis.
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Figure 9-16. Subepidermal cells in spch. (A) Projections of the subepidermal layer, imaged
approximately every 24 h over 4 d (0-96 h). Leaf widths (left to right) are 0.17, 0.27, 0.39, 0.50,
and 0.58 mm. A patch of cells was tracked between intervals (cells coloured red). (B)
Enlargement of the patch of cells in (A) (red outline). (C) Cells outlined in (B), showing
individual cells (filled pink, outlined red). (D) Enlargement of cells located in the black box of C,
showing air spaces (white, examples highlighted with black arrows). Scale bars for A, B, C, 50

pum; scale bar for D, 10 um. Adapted from Fig. 5. of Fox, Southam et al. 2018.
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Paul Southam generated plots to graphically represent cell sizes in relation to the
proximodistal leaf axis. Cell sizes in the distal region of the subepidermis were considerably
smaller than the adjacent epidermal cells ((Fox, Southam et al. 2018) Fig. 3AB). This feature
can be explained due to an increase in the distal limit of the subepidermal zone of cell division
competence, whereby cells continue to divide for longer in the distal region thus reducing cell
areas. In contrast to what was observed for the epidermis, we found no difference in the mean
growth rates at early stages for competent and non-competent cells in the subepidermis ((Fox,
Southam et al. 2018) Fig. 3J). The relationship between growth and division is not conserved in

these neighbouring, closely related tissues.

9.17. An integrated model predicts cells execute division at a threshold area

that varies spatiotemporally

Understanding how the observed pattern of cell division competence could be
generated may help address the question of how cells act as building blocks to shape organs. If
the decision-making power lies at the level of the cell, there must be some way for cells to
sense overall organ size or developmental age such that division continues until maturity is
reached. No evidence for such a mechanism has been identified in plants. An alternative
possibility is that competence to divide is regulated at the organismal level. Cells may sense
the local concentration of a molecular gradient and execute division according to
predetermined thresholds. Concentration gradients thus provide positional information which

determines cellular behaviour.

In this work | have discussed the hypothesis developed through computer modelling
that indicates that leaf shape may be generated through early patterns of growth and tissue
polarity. The information provided by tracking cell proliferation prompted the opportunity to
explore how growth could manifest at the cellular level though patterns of division execution

and cell expansion.

Computer modelling was used to explore how the observed dynamics in division

competence could be regulated. Since the relationship between growth and division was
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observed not to be constant, we explored how control of these processes could be achieved
independently. For simplicity, a limited number of components was used to represent genetic

networks underpinning control of cell division and growth.

The leaf growth model (Kuchen, Fox et al. 2012) was adapted to account for the
pattern of division competence by the incorporation of a superimposed layer of polygons to
represent virtual cells (v-cells). A proximal mobile factor (PMF) is generated at the petiole-
lamina boundary and distributed through the canvas creating a concentration gradient. PMF is
not fixed to the tissue, thus the profile gradient does not change in response to deformation of
the tissue. Competence to divide is specified by a factor (CDIV) that is expressed when v-cells
encounter a concentration threshold of PMF. A second component reflects the observed
variation in cell area at time of division execution and ensures cell division is executed at
threshold area that varies around a mean. This interaction introduces a cross-dependency
between growth and division, since cells grow to reach the threshold size before executing
division. Components of the underlying growth regulatory network (PGRAD, and MID) function
to modulate the threshold area for division. The pattern of v-cell areas and competence to
divide broadly matched those observed in the subepidermis ((Fox, Southam et al. 2018) Fig.
8EF).

A further dependency on CDIV that also requires PGRAD to be above a threshold level
accounts for the differences observed in the epidermis and reproduces the extension of the
zone of division competence coincident with tissue growth ((Fox, Southam et al. 2018) Fig.
8GH). Earlier retraction of competence in the midline is achieved if MID is inhibited when LATE
reaches a threshold value. Thus, the observed patterns of cell division competence and cell
areas can be accounted for in different cell layers by varying the interactions controlling cell

division.

A key aspect of these models is that components of cell division and cell expansion are
regulated independently via a dual control mechanism with cross connections. The cross
dependency between cell size and division execution suggests that control of division is
influenced cell-autonomously and predicts cells have a geometric size-sensing mechanism.

Feedback from cell size to growth could also explain why cells close to the distal tip appear to
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have an upper size limit, if maximum cell size checkpoint feeds back to inhibit growth. Cell size
reductions in Arabidopsis leaves with manipulated cell cyclin components suggest that the
relationship between cell size and division frequency can be altered genetically (Kuwabara,

Backhaus et al. 2011).

9.18. The relationship of cell division plane and orientation of growth

Throughout leaf growth, new cell walls in the epidermis are aligned perpendicular to
the surface, with the consequence that a single layer of cells is maintained (Maksymowych and
Erickson 1960). The anticlinal orientation of division plane thus has a major influence on leaf
anatomy. In early plant embryogenesis, cell division is highly regulated and correct placement

of division plane is essential for normal development (Yoshida, Barbier de Reuille et al. 2014).

The patterning of division planes involves cues from cell geometry and is also
influenced by auxin transport and has been assumed to be the driving force behind orientated
growth. Recently, a plant-specific family of polar, edge-localized proteins has been identified
that interprets global polarity cues to influence cell division orientation and provide a link

between cell polarity and organismal axes (Yoshida, van der Schuren et al. 2019).

The angle and positioning of new cell walls in planar cell divisions is closely associated
with growth. The role of cell polarity switching in the patterning of stomatal lineages is well
documented and involves control of asymmetrical cell division (Robinson, Barbier de Reuille et
al. 2011). The orientation of division in proliferating cells also appears highly regulated, cells in
the midline preferentially divide perpendicular to the leaf proximodistal axis forming long, thin
cells. Itis currently unclear whether the placement of division plane specifies the orientation

of growth or emerges in response to it.

Maize leaves carrying the tangled-1 (tan-1) mutation, have dramatically altered
patterns of cell division, yet relatively normal shape (Smith, Hake et al. 1996). This suggests
that the generation of organ shape during development is largely independent of the control of

cell division orientation. In contrast, the spatial regulation of orientated cell divisions in
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Sarracenia purpurea is key for the formation of the complex pitcher leaves (Fukushima, Fujita

et al. 2015).

In our leaf models, division of v-cells is specified according to Errera's rule in which the
new wall is positioned along the shortest path through the centre of the v-cell (Errera 1888).
The positioning of a division plane is therefore influenced by cell geometry which is in turn a
product of growth anisotropy, tissue deformations and frequency of division. The orientation
of v-cell division is not specified but emerges as a consequence of underlying regulatory
networks. Biologically, division plane orientation may also arise in response to several
integrated processes. Recent modelling of complex leaf shapes in 3D support the idea that
planes of division are an emergent property rather than the cause of orientated growth

(Whitewoods, Gongalves et al. 2019).

9.19. The biological basis of polarity

The work summarised in this thesis makes the prediction that leaf morphogenesis
depends on patterns of orientated growth that are coordinated by an underlying system of
tissue cell polarity. This hypothesis was developed using a simplified framework in which
growth and division parameters are specified by a distribution of factors through a continuous
sheet. Polarity is established by the concentration gradient of a signal that propagates through
the tissue and is anchored at the boundary. In a multicellular setting, it is likely that this
process depends on more complex signalling mechanisms.

A mechanism of intracellular partitioning has been proposed to account for tissue cell
polarity in both plants and animals (Abley, De Reuille et al. 2013). According to this hypothesis,
a polarity field is coordinated by a proximal organiser that functions to transmit axial
information through the tissue via a molecular signalling mechanism. Cell-cell coupling
coordinates cell polarities in the absence of asymmetric cues. Our leaf models incorporate an
identity factor which functions as a source of POL. It was not necessary to incorporate a sink of
POL, though this does not exclude the possibility that a minus-organiser could be located at the
leaf tip. Indeed, the formation of more complex shapes may depend on the spatiotemporal

positioning of antagonistic organisers (Lee, Bushell et al. 2019).
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It would be interesting to explore if our deforming leaf model could account for leaf
shapes that arise through divergent patterns of allometry such as have been reported (Das

Gupta and Nath 2015).

Polarised expression of the auxin efflux carrier PIN1 at the distal end of cells in young
primordia suggest that a proximodistal polarity field is present at the early stages of
primordium initiation (Scarpella, Marcos et al. 2006). The expression is transient; it is unclear
whether polar auxin transport continues through the epidermis at later stages or is fixed at an
early stage of development. A role for polar auxin transport in leaf shape formation has been
identified at later stages through analysis of pin1 mutants that lack serrations in the margin
(Hay, Barkoulas et al. 2006). Auxin maxima are generated at the tips of serrations that form
through feedback between the CUP-SHAPED COTYLEDON2 (CUC2) transcription factor and
PIN1 convergence (Bilsborough, Runions et al. 2011). An alternative interpretation of this
result is that the underlying proximodistal polarity is modulated in these regions due to
spatiotemporally regulated expression of a minus organiser of tissue cell polarity. The auxin
importer LAX1 is expressed at serration tips as well as the distal tips of leaves, while serrations
are reduced in mutants which lack the AUX1/LAX gene family of auxin importers (Kasprzewska,
Carter et al. 2015). Thus, LAX1 may function as a minus-organiser of tissue polarity.

This idea was explored through analysis of tissue outgrowths in kanadil/kanadi2
mutants of Arabidopsis. Expression of LAX1 was observed at the tip of outgrowths and CUC2 at
the base, suggesting that these projections may result from alterations in organiser patterning

leading to polarity convergences (Abley, Sauret-Giieto et al. 2016).

An alternative mechanism of integrating local and global growth patterns has recently
been explored by combining a previously published model of serration development with a
model of planar growth (Kierzkowski, Runions et al. 2019). Cells at the leaf margin provide
local anisotropic growth which combines with broadly isotropic growth through the leaf to
produce a leaf shape. It is not explicitly outlined how polarity within the model is defined but
since PIN1 transport is incorporated we might assume that auxin transport provides a
biochemical basis of polarity. Our models do not depend on such local anisotropies defined at
the leaf margin, but these could be incorporated via the spatiotemporal control of organiser

activity to generate serrations (Kuchen 2011).
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Further evidence for a tissue-wide polarity field is provided through the ectopic
expression of the stomatal lineage protein, BREAKING OF ASYMMETRY IN THE STOMATAL
LINEAGE (BASL). Live imaging revealed coordinated polarised expression of BASL across the
leaf surface at all developmental stages (Mansfield, Newman et al. 2018). Furthermore, BASL
was observed to reorient around serrations, mirroring the pattern of PIN1. It seems unlikely
that the primary function of BASL is to provide the molecular basis of tissue-cell polarity, since
the native expression pattern is restricted to cells undergoing division in the stomatal lineage.
Rather, BASL may interact with another, currently unknown, molecule, which may function to

transport auxin, or another as-yet unidentified molecule.

Factors predicted within the leaf models may correspond to the function of individual
genes or the combined effects of multiple genes. This simplification allows hypotheses to be
explored unencumbered by the complexities of genetic networks or limitations of current
knowledge. My current research is focused on exploring the genetic basis of polarity through
modulation of candidate organiser genes. Preliminary results indicate a role for CUC2 as a plus

organiser of polarity.
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10. Conclusion

The overarching theme of this thesis is focused on explaining how organs develop
through integrated patterns of orientated growth and cell division. Live imaging provided the
novel opportunity to quantify these dynamic processes at the cellular level. Computer
modelling provided the framework to formulate hypotheses to account for experimental

observations in a dynamically changing system.

The initiation of the lamina has been predicted to occur from a region close to the leaf
margin and form part of the ‘primary morphogenesis’ of a leaf (Dengler and Tsukaya 2001).
This idea is underpinned by observations of small cells in the lateral regions and the notion that
leaf maturation proceeds from tip to base. By capturing dynamic patterns of cell division and

growth | provide quantitative measurements that validate and refine these ideas.

Tracking cell vertices demonstrates how a gradient in growth rates results in a large
portion of the lamina originating from a region near the proximal-lateral margin that is initially
relatively small. The dynamics of cell division competence explains how this region is spatially
and temporally distributed and explains how leaf maturation appears to retract towards the
leaf base. Imaging leaf growth from very early stages revealed that cell division occurs in a
competence zone that is spatially and temporally regulated. Cell expansion was observed to
take place throughout development, concurrent with division. These observations undermine
the idea that the leaf transitions through distinct phases of development. In contrast, my
analysis demonstrates through observations of different cell layers and genetic backgrounds

that different regions exhibit behaviours that vary spatiotemporally.

Computer modelling revealed how observed patterns of division and growth could be
regulated via a dual control mechanism with cross connections. This hypothesis helps
reconcile the apparent dichotomy between the cellular and organismal-based theories of
development. Tissue-wide coordination of growth rates, growth orientations and competence
to divide are predicted to be coordinated by long-range signals. The finding that spch and wild-
type leaves grow at similar rates (in the chamber) yet have different cell sizes suggests that

SPCH acts cell autonomously to promote division at smaller sizes and/or shorter cell cycle
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durations. Cell-autonomous size sensing also likely contributes to general spacing divisions. It
has previously been proposed that coordination of behaviours could emerge if cells possess a
mechanism to sense the presence of their neighbours and alter division patterns and cell fates
accordingly (Meyerowitz 1996, Marcotrigiano 2001). Our models involve components of both
organismal control (through the action of long-range signals) as well as aspects of cell theory
(feedback from cell size) with the only requirement of cell-cell communication being the
sensing of local concentration gradients. These results support the idea that both theories can
be integrated through understanding that the mechanism of plant growth involves cell based
machinery as well as global regulation (Fleming 2006). Thus, | show how organ morphogenesis

could involve regulation at both the cell and organismal levels.

The work synthesised here represents many years of research underpinned by novel
approaches to unlock one of the biggest challenges in biology; understanding how biological
shapes are formed. The quality, depth and breadth of data has greatly enhanced our
understanding of this process. Instrumental to this has been my role in developing novel
approaches. | have supported many other colleagues by sharing my expertise and providing
training and advice, particularly in the use of time-lapse imaging and tracking growth. My
direct observations of changes at the cellular and tissue level have provided much needed
clarity to the field. Though there are still many unknowns, the body of work presented here

provides a solid foundation that will support many future investigations.
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11. List of abbreviations

AAAS, American association for the advancement of science
BASL, BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE
CDIV, competence to divide

CUC, CUP-SHAPED COTYLEDON

CYC, CYCLOIDIA

1D, one dimension

3D, three dimensions

DA, days after initiation

DAS, days after stratification

DEX, dexamethasone

GFP, green fluorescent protein

GPT, growing polarised tissue

KAN, KANADI

LATE, a timing factor

LAX, LIKE AUXIN RESISTANT

MID, a mediolateral factor

PGRAD, a graded proximodistal factor
PMF, proximal mobile factor

POL, factor determining polarity field
PHB, PHABULOSA

PIN, PINFORMED

SPCH, SPEECHLESS

SAM, shoot apical meristem

v-cells, virtual cells
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John Innes Centre
Unlooking Natwe's Di\/orgim

18th December 2019
TO WHOM IT MAY CONCERN
Re: Samantha Fox — PhD by publication candidate

Samantha joined my group as a research assistant in 2004. During that time, she has co-
authored three highly cited papers and | am delighted to now support her submission for a
PhD by publication to the University of East Anglia.

| can confirm that in respect of the following two papers Sam contributed to the design of
investigation and carried out extensive programme of experiments. Most notably, generating
live imaging datasets of growing leaves using confocal microscopy, clonal analysis, leaf
excision, and tracking growth and division. Sam worked in close collaboration with other
colleagues to account for her experimental observations using computational modelling,
providing novel insights into how leaf growth is coordinated. Sam contributed to all stages of
the research program, development of hypotheses and preparation of manuscripts. In
recognition of her leading role, for each of these papers Sam created YouTube videos to
communicate our findings to the general public on behalf of the John Innes Centre.

Fox, S.* Southam, P.* Pantin, F.* Kennaway R., Robinson, S., Castorina, G., Sénchez-
Corrales, Y., Sablowski, R., Chan, J., Grieneisen, V., Marée, A., Bangham, A., and Coen, E.
(2018). "Spatiotemporal coordination of cell division and growth during organ
morphogenesis." PLOS Biology 16(11). e2005952.

Kuchen, E. E.*, Fox, S.* Barbier de Reuille, P., Kennaway, R., Bensmihen, S., Avondo, J.,

Calder, G. M., Southam, P., Robinson, S., Bangham, and A, Coen., E. (2012). "Generation
of Leaf Shape Through Early Patterns of Growth and Tissue Polarity." Science 335(6072):

1092.

Earlier in her career, Sam contributed to the paper below by supporting a post-doc in the
group. Sam carried out a phenotypic analysis of leaves and petals overexpressing
CYCLOIDIA, contributed in discussion and prepared figures for the manuscript.

Costa, M., Fox, S., Hanna, A.l, Baxter, C., Coen, E (2005) Evolution of regulatory
interactions controlling floral asymmetty. Development. DOI: 10.1242/dev.02085E1D: 2-s2.0-
28844496309

In conclusion, there is no doubt that the work published in the above papers would not have
been accepted without Sam’s excellent and skillful contributions. | therefore strongly support
her in reaching this recognition of her achievements.

Yours Sincerely,

Professor Enrico Coen
Group Leader

John Innes Centre is a company limited by guarantee Director, Professor Dale Sanders S¢D FRS FRSB
Registered in England No. 511709 Registered Charity No. 223852 Registered Office
John Innes Centre, Norwich Research Park, Norwich NR4 7UH

John Innes Certre is grant aided by the Bictechnology and Biological Tel: +44(0) 1603 4350000 Feoe: +44(0)1 603 450045
Sciences Research Council
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Azone Ltd.
Unit3
Downham Grove
Wymondham
NR18 OSN

28" November 2019

Re: Letter of support for Samantha Fox — PhD by Publication

To Whom It May Concern

| am writing this letter in support of Samantha Fox as a candidate for a PhD degree at the University
of East Anglia. | met Sam for the first time while working as a Senior Research Associate at the John
Innes Centre in early 2008. Since then we have worked closely together on a number of successful
research projects. Her work and contribution has been instrumental in the development and
publication of several high-quality manuscripts, including:

e S, Fox, P. Southam F. Pantin, R. Kennaway, S. Robinson, G. Castorina, et al. (2018)
Spatiotemporal coordination of cell division and growth during organ morphogenesis. PLoS
Biol 16(11): e2005952. https://doi.org/10.1371/journal.pbio.2005952

e S, Fox, E. Kuchen, P. Barbier de Reuille, R. Kennaway, S. Bensmihen, J. Avondo, G. Calder, P.
Southam, S. Robinson, A. Bangham and E. Coen, (2012) Generation of Leaf Shape Through
Early Patterns of Growth and Tissue Polarity, Science, 335(6071), pp. 1092-1096, DOI:
10.1126/science.1214678

These publications are the culmination of years of collaboration with Sam and speak on their own
about the quality of Sam’s work. During my time collaborating with Sam, | was always impressed
with her dedication, commitment and professionalism. She is an excellent collaborator, scientist and
a wonderful personality. Without a doubt, | believe that she is an exceptionally strong candidate for
a PhD and | am therefore very happy to write this letter of support.

Yours faithfully

AL

Dr. Paul Southam
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John Innes Centre

Un!ooking_ Natwre's vaomih?
Date: 17 December 2019

To Whom it may concern

Re: Samantha Fox — PhD by publication candidate

| have worked with Samantha Fox at the John Innes Centre since 2007. My role has been to
design, develop, and support tools for modelling the development of plant tissues, which
Samantha and other members of Prof. Coen's group have used in their research.

This has led to publications in Science ("Generation of Leaf Shape through Early Pattems of
Growth and Tissue Polarity") and PLoS Biology ("Spatiotemporal coordination of cell division and
growth during organ morphogenesis"). Samantha is a co-senior author on both of these.

Her role in these papers involved evaluating models of leaf growth in Arabidopsis (using the
software that | developed to run these models), performing image analysis on experimental
microscopy data, assessing the correspondence of the models with these results, and writing of
the papers.

| am happy to recommend her for a Ph.D.

Dr Richard Kennaway

Cell and Developmental Biology

Yours Sincerely,

John Innes Centre is a company limited by guarantee. Director, Professor Dale Sanders ScD FRS
Registered in England No. 511709 Registered Charity No. 223852 Registered Office

Norwich Research Park, Norwich, NR4 7TUH
John Innes Centre is grant aided by the Biotechnology and Biological Tel: +44(0)1603 450000 Fax: +44(0)1603 450045

Sciences Research Council
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John Innes Centre

Un(oaking, Natwe's Di\/cygim

Norwich, 2" December 2019

To Whom it may concern
Re: Samantha Fox — PhD candidate

| am delighted to write this letter in support of Samantha (Sam) Fox and her submission for a PhD by
publication to the University of East Anglia. | have known Sam since soon after | started my group at
the John Innes Centre in 2005. We have interacted at many occasions over this time and most
significantly on a project to understand auxin distribution during the development of the Arabidopsis
fruit. This work was recently published with Sam as a co-author (Li et al. 2019 Molecular Plant 12:
863-878).

Using a combination of genetic studies and mathematical modelling, we focused on a highly
specialised tissue in the fruit called the valve margin, which runs in a narrow strip down the entire
length of the fruit and which is required for fruit opening and seed dispersal upon maturity. During
valve-margin formation, this tissue experiences a timely and spatially restricted decrease in auxin
levels to form a so-called ‘auxin-minimum’. Counter-intuitively, our modelling simulations suggested
this involves high auxin flux across the valve margin. In order to test our hypotheses and
computational models, we required highly advanced confocal microscopy skills as well as
development of a technique to physically ablate the valve margin cells. Sam delivered both and in
addition to confirming the high auxin flux, she also showed how auxin transporters of the PIN family
are positioned in the valve margin to facilitate auxin transport out of the valve margin cells. We had
hypothesised this PIN positioning in a paper published in Nature in 2009, but had been unable to
demonstrate it at the time.

In conclusion, there is no doubt that the work published in Li et al. (2019) would not have been
accepted in Molecular Plant without Sam’s excellent and skillful contribution. Based on this close
collaboration as well as my knowledge of the always extremely high quality of Sam’s work, it is hard
to imagine a stronger candidate for achieving a PhD by publication. | therefore strongly support her
in reaching this hugely deserved recognition.

Yours sincerely

Professor Lars @stergaard
Institute Programme Leader

Phone: +44 1603 450572
Skype name: lars.oest

John Innes Centre is a company limited by guarantee. Director, Professor Dale Sanders ScD FRS FSB
Registered in England No. 511709 Registered Charity No. 223852

Registered Office
John Innes Centre is grant aided by the Biotechnology and Biological Sciences Research Norwich Research Park, Norwich NR4 7UH
Council Tel: +44 (0)1603 450000 Fax:+44 (0)1603 450045
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Erika Kuchen
Catenion GmbH
Miinzstr. 18
10178 Berlin

Re: Samantha Fox — PhD candidate

Dear Sir or Madame,

| hereby recommend Samantha Fox for a PhD by publication at the University of East Anglia.
I have worked with Samantha for several years from 2007 — 2012 during my PhD at the John
Innes Centre and co-authored her publication Fox, Kuchen et al. (2012) Generation of Leaf
Shape Through Early Patterns of Growth and Tissue Polarity. In this work, we applied time-
lapse imaging, clonal analysis and mathematical modelling to understand how growth rate
and polarity are coordinated in leaf organ development.

In detail, Samantha was responsible for the initial feasibility assessment of the experimental
part of the project including setup and maintenance of the time-lapse confocal microscope
and infrastructure and exploration into different leaf growth tracking methods. Following
her recommendations, Samantha and | used a microfluidics chamber to grow and
continuously image leaves under the microscope over several days. She took the lead in
guantifying leaf growth rates from these movies using the custom-made, semi-automated
image analysis and tracking software volviewer. In addition, Samantha applied several other
snapshot imaging methods to quantify leaf shape and growth rates by clonal analysis. This
data was then used to test several hypotheses on the coordination of growth rate and
polarity during the early stages of leaf development with a finite element model. Samantha
was instrumental in testing the model predictions by independently designing and
performing leaf ablation experiments. Together with the lead investigator on this project,
Prof Enrico Coen, we co-wrote the manuscript, designed and arranged the figures and
prepared the manuscript for publication. Furthermore, Samantha was the main person
publicising the work, such as by making a movie for the Science journal website.

During her long career at the John Innes Centre Samantha has become an expert on plant
development, plant imaging and specifically growth quantification. | have been very lucky to
have benefited so much from her knowledge during our very close collaboration and
successful publication of our work, to which we contributed equally. To be awarded a PhD
by publication is therefore highly deserved.

Yours faithfully,
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UNIVERSITYW

Technology Facility
Department of Biology
University of York
Wentworth Way, York
Y010 50D

United Kingdom

Experimental Officer: Grant Calder
E-mail: grant.calder@york.ac.uk
Telephone: +44 (0)1904 328809

Date: 13/12/2018

To whom it may concern,

Regarding: Samantha Fox —Ph.D. candidate by publication

| am writing this letter of support for Samantha Fox as a candidate for a PhD degree at the
University of East Anglia. In my previous role as a Senior Scientist in the Bio-imaging Facility
at the John Innes Centre {(JIC), | had the pleasure of waorking with Sam on many microscopy-
hased projects. Sam has many personal attributes that make her a great scientist and
collaborator. Not anly is Samtechnically gifted but her dedication and perseverance hasmade
it possible for her to develop many new tools used in understanding tissue development in
plants e.g. heatinducible clonal analysis. Perhaps Sam's greatest strength is having the vision
to adopt of new technigues and apply them to current issues.

Sam'swork has led to several high quality publications, notably the Science paper "Generation
of Leaf Shape Through Early Patterns of Growth and Tissue Polarity”, for which Samwas first
author. This ground hreaking paper required cutting edge time-lapse optical microscopy and
multi-scaled image analysis combined with predictive computer modelling. One of the many
issues that had to be overcome was high resolution imaging of a growing leaf, forwhich cellular
expansion and division were tracked over many days. This collaboration led to the
development of a new microscope imaging chamber for plant research. Sam was also
proactive in the development of the molecular and imaging tools e.g. inducible clonal analysis
and laser ablation required for validating the principle rules hehind the formation of leaf tissue.
Sam's role not only required hands-on experimental and analysis but significant intellectual
input into experimental design, conception of theories, talks and manuscript preparation.

Samis also an excellent ambassador for science and | have always heen impressed with her
ahility to inspire future generations of potential scientists. Sam has delivered high quality
research through her career and | believe is an exceptional candidate for a PhD. Therefore,
I'm delighted to write this letter of support.

Yours sincerely,

Grant Calder @: 9 s
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John Innes Centre

Un!ookingr Natwe's Dix/oy;i’rv’
Date: 11 December 2019

To Whom it may concern

Re: Samantha Fox — PhD by publication candidate

| have known Samantha (Sam) since she joined the JIC in 2000. In 2003, Sam, joined the lab of
Clive Lloyd as a research assistant on a short-term contract. | was Sam’s direct line manager
and supervised her work daily. During that time, Samantha created novel transgenic lines of
Arabidopsis that enabled me to visualise the microtubule end binding protein AtEB1a in planta.
This was used for two high impact papers on which Sam is named as a contributing author.

Chan, J., Calder, G, Fox, S., & Lloyd, C., (2007) Cortical microtubule arrays undergo rotary
movements in Arabidopsis hypocotyl epidermal cells. Nature Cell Biology. DOI:
10.1038/ncb1533EID: 2-52.0-33947231099

Chan, J., Calder, G., Fox, S. & Lloyd, C. (2005) Localization of the Microtubule End Binding
Protein EB1 Reveals Alternative Pathways of Spindle Development in Arabidopsis Suspension
Cells. Plant Cell. DOI: 10.1105/tpc.105.032615EID: 2-s2.0-32944461130

Samantha went on to join the group of Enrico Coen in 2004. Sam and | continued to collaborate
on the development of the live-imaging technique, and it is partly due to this collaboration that |
myself joined the Coen group in 2009. | have since withessed Sam enhance her skills as a
scientist and can confirm that she made leading contributions to a paper on which | was also
recognised as an author for providing genetic material.

Fox, S.*, Southam, P.*, Pantin, F.*, Kennaway R., Robinson, S., Castorina, G., Sanchez-
Corrales, Y., Sablowski, R., Chan, J., Grieneisen, V., Marée, A., Bangham, A., and Coen, E.
(2018).

"Spatiotemporal coordination of cell division and growth during organ morphogenesis." PLOS
Biology 16(11): €2005952.

| have been impressed with Sam’s commitment and quality of work. Sam drove the development
of live imaging techniques and generation of reporter lines to enable the filming of growing
leaves. This work resulted in Sam making the first ever movies of small primordia developing
into mature leaves. Sam also drove the development of key pipelines to track cells and extract
their growth and cell division parameters from these data sets. | think her work provides the most
comprehensive guide to the behaviour of cells during the early stages of leaf development ever
published. This detailed work has been critical for informing and testing computer models, which
has led to fundamental breakthroughs in how tissue growth can be coordinated through cell
polarity.
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Sam has given extremely engaging presentations about leaf development at the JIC and

international conferences.

| have no hesitation on supporting Sam for PhD by publication and feel she is very deserving of

this degree.

Yours Sincerely,

Dr Jordi Chan
Cell and Developmental Biology

John Innes Centre is a company limited by guarantee.
Registered in England No. 511709 Registered Charity No. 223852

John Innes Centre is grant aided by the Biotechnology and Biological
Sciences Research Council

Director, Professor Dale Sanders ScD FRS
Registered Office

Norwich Research Park, Norwich, NR4 7UH

Tel: +44(0)1603 450000 Fax: +44(0)1603 450045
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UNIVERSITA DEGLI STUDI DI MILANO

DIPARTIMENTO DI SCIENZE AGRARIE E AMBIENTALI
PRODUZIONE. TERRITORIO., AGROENERGIA

Milan, December 09, 2019

To Whom It May Concern:
Re: Samantha Fox - Ph.D. by Publication

To Whom It May Concern:
Re: Samantha Fox - Ph.D. by Publication

| am writing this letter in support of Samantha Fox as a candidate for a PhD by publication at the University of East
Anglia.

| met Samantha for the first time at John Innes Centre (Norwich Research Park, Norwich) in April 2013. She
supervised the experimental work during my PhD visiting student period in the Enrico Coen Group. | worked closely
with Samantha for four months and during that time Sam trained me in the live-imaging tracking technique on the
confocal microscope. Since then, | have had the pleasure to collaborate with her in two projects and the results
produced two high-quality manuscripts.

I would like to highlight Samantha’s contribution to these particular publications:

1. Fox, S., Southam, P., Pantin, F., Kennaway, R., Robinson, S., Castorina, G., ... & Marée, A. F. (2018). Spatiotemporal
coordination of cell division and growth during organ morphogenesis. PLoS biology, 16(11), e2005952.

Samantha played a key role and worked in conceptualization, data curation, formal analysis, investigation,
methodology, resources, validation, visualization, writing the original draft and during review & editing.

2. Castorina, G., Fox, S., Tonelli, C., Galbiati, M., & Conti, L. (2016). A novel role for STOMATAL CARPENTER 1 in
stomata patterning. BMC plant biology, 16(1), 172.

Samantha wrote the corresponding parts of the methods section, and generally enabled the rest of this work,
participating with the manuscripts writing.

These publications speak on their own about the quality of work but | would also like to add that | have been

impressed with her dedication and commitment to deliver excellence in her work. | believe she is an exceptionally
strong candidate for a PhD and therefore | am very happy to write this letter of support.

Yours sincerely,

Giulia Castorina We CM
(

Dipartimento di Scienze Agrarie e Ambientali - Produzione, Territorio, Agroenergia
Via G. Celoria, n° 2 - 20133 Milano, Italy
Tel 02 503 16847 - direttore.disaa@unimi.it
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John Innes Centre

Unfooking‘ Natwe's Di\/org‘vh’

To Whom it may concern
Re: Samantha Fox — PhD by publication candidate

| have known Samantha for many years as head of Cell and Developmental Biology at the John
Innes Centre. During this time, | have co-authored two highly regarded papers with Sam.

For the following paper published in PLoS Biology, | can confirm that Sam had a leading role in
the experimental part of the project and collaborated with computer scientists to develop and
test hypotheses about how growth is coordinated in a leaf. Throughout the project Sam
presented high quality department seminars at which she communicated progress, shared
hypotheses and demonstrated her knowledge and innovative approaches. Sam is well known at
the JIC and beyond for her expertise in studying plant growth using dynamic tracking. For this
paper, | collaborated with Sam to provide training and support for her to segment cells in 3D
images using computational tools that | previously developed and modified for this project.

Fox, S.*, Southam, P.*, Pantin, F.*, Kennaway R., Robinson, S., Castorina, G., Sanchez-Corrales,
Y., Sablowski, R., Chan, J., Grieneisen, V., Marée, A., Bangham, A., and Coen, E. (2018).
"Spatiotemporal coordination of cell division and growth during organ morphogenesis." PLOS
Biology 16(11): €2005952. (* joint first authors)

For the following paper, Sam provided my group with a new transgenic plant line which she had
developed to improve clonal analysis in Arabidopsis. This provided us with the means to
generate marked clones in the shoot apical meristem. We were grateful to Sam for sharing this
resource, on which she worked for several months to develop.

Bencivenga, S., Serrano-Mislata, A., Bush, M., Fox, S., Sablowski, R. {2016) Control of Oriented
Tissue Growth through Repression of Organ Boundary Genes Promotes Stem Morphogenesis.
Developmental Cell. DOI: 10.1016/j.devcel.2016.08.013EID: 2-s2.0-84994480561

Based on the contributions described above, | am delighted to now support Sam’s submission
for a PhD by publication.

Yours Sincerely,

‘/4,{\_/\\/" e
/

Professor Robert Sablowski
Head of Cell and Developmental Biology

John Innes Centre is a company limited by guarantee. Director, Professor Dale Sanders ScD FRS FSB
Registered in England No. 511709 Registered Charity No. 223852

Registered Office
John Innes Centre is grant aided by the Biotechnology and Biological Sciences Research Norwich Research Park, Norwich NR4 7UH

Council Tel: +44 (0)1603 450000 Fax: +44 (0)1603 450045



@sAINSBURY
L ABORATORY

UNIVERSITY OF CAMBRIDGE

9" December 2019
To whom it may concern,

| am writing to express my strong support for the application of Samantha Fox for a PhD
by publication. | worked with Sam during my PhD. She was responsible for teaching me
how to collect and analyse live imaging data. Our work resulted in two co-authored
publications. Kuchen and Fox et al. 2012 and Fox, Southam and Pantin et al. 2018. Both
of these papers have at their core time-lapse data from live growing Arabidopsis
leaves. Sam performed the majority of these experiments and analysed the data. Sam
wrote the corresponding parts of the papers and the majority of the 2018 paper in
collaboration with the other authors. Sam is a careful and dedicated scientist who is
deserving of a PhD.

I am happy to answer any additional questions

Sl

Dr. Sarah Robinson

Sarah.Robinson@slcu.cam.ac.uk

Career Developement Fellow and Royal Society Fellow
The Sainsbury Laboratory Cambridge University

Sainsbury Laboratory Cambridge
University of Cambridge
Bateman Street, Cambridge

CB2 1LR, UK

UNIVERSITY OF
CAMBRIDGE
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Earlham Ins

titute Tel:  +44 (0)1603 450001
Norwich Research Park Fax: +44(0)1603 450021 Earlhal I |
Norwich, 2arlha I

Institute

Decoding Living Systems

NR4 7UH, UK

Dr. Nicola J. Patron
Group Leader | Engineering Biology
nicola.patron@earlham.ac.uk

10t December 2019

To whom it may concern,
RE: SAMANTHA FOX — PHD CANDIDATE

T am delighted to write a letter of support for Samantha Fox's submission for a PhD by publication
to the University of East Anglia. I first met Sam when she was an MSc student many years ago
and was very happy to be reacquainted when I returned to the Norwich Research Park as an
Independent Scientist in 2013.

We have interacted on many occasions over this time, particularly as Sam led efforts in the Coen
laboratory to adopt novel approaches for the design and assembly of synthetic DNA assemblies.
Sam represented the Coen lab on a highly-cited paper that established community standards for
interoperable DNA parts for plants (Patron et al, 2015). Sam implemented these tools and
techniques to develop a modular 'heat-shock:cre inducible gene expression system that she applied
to the visualisation of clones in plant shoot apical meristems. Following this experimental success,
Sam contacted me several times to advance her understanding while she trained other members of
her laboratory in the use of modular, hierarchical assembly of complex multigene DNA
constructs.

Based on observing Sam's ability to adapt novel methodologies to experimental challenges, as
well as her commitment to sharing knowledge and skills to advance plant science, I have no
hesitation in supporting Sam’s submission for a PhD by publication.

Yours sincerely
fluho—

Dr. Nicola J. Patron
Group Leader | Engineering Biology

Director | Earlham BioFoundry
hitps: /iwww earlham ac ukfearlham-bio-foundry
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Re: Letter of support for Samantha Fox - candidate for PhD by Publication

I am writing this letter in support of Samantha Fox as a candidate for a PhD degree at the
University of East Anglia. I worked with Sam at the John Innes Centre while I was
undertaking my PhD from 2009-2013. Sam is an expert in live imaging and trained me in
the technique of generating confocal images of growing Arabidopsis leaves, which was
critical for my own research. I can confirm that Sam provided the experimental
contributions that were critical to the success of the publication listed below, including live
imaging, image processing and tracking growth and cell division using specialist software.

Fox, S.*, Southam, P.*, Pantin, F.*, Kennaway R., Robinson, S., Castorina, G., Sdnchez-
Corrales, Y., Sablowski, R., Chan, 1., Grieneisen, V., Marée, A., Bangham, A., and Coen, E.
(2018). "Spatiotemporal coordination of cell division and growth during organ
morphogenesis." PLOS Biology 16(11): e2005952.

This paper represents the culmination of years of research throughout which Sam provided
the lead experimentally and managed collaborations with a number of other colleague’s
expert in different areas such as computational modelling. I have no reservation in
recommending Sam for a PhD and I am therefore very happy to write this letter of support.
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Dr Yara Sanc‘hez-CorraIes

MRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge Biomedical Campus, Cambridge, CB2 0QH, UK
Tel: (General) +44 (0) 1223 267000 Fax: +44 (0) 1223 268300 Web: http:/iwvww.mrc-Imb.cam.ac.uk
The MRC is part of UK Research and Innovation
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17 Dec 2019

To whom it may concern

| worked closely with Samantha Fox whilst | was a Post-doctoral researcher at Prof. Enrico Coen ‘s lab, at the
John Innes Centre, between 2004 and 2006. During that period, Sam was involved in the phenotypic analysis
of the development of leaves and petals of Arabidopsis thaliana plants overexpressing a dexamethasone-
inducible protein. She carried out extensive phenotypic analysis using light microscopy and scanning electron
microscopy and made quantitative measurements of cell size and number of the plant organs. An excellent
output of this collaboration was the publication,

Costa, M., Fox, S., Hanna, A.l., Baxter, C., Coen, E (2005) Evolution of regulatory interactions controlling floral
asymmetry. Development. DOI: 10.1242/dev.02085EID: 2-s2.0-28844496309,

for which Sam has contributed with many discussions and assisted in the preparation of the manuscript.
Since taking up a position as a Lecturer at the University of Minho (Portugal), | have maintained a close
collaboration with the Coen group with frequent visits to the lab, including a 8 month-sabbatical period. It was

with a great satisfaction that | have witnessed Sam developing into a highly skilled and respected scientist.
Therefore, | am very happy to support her submission for a PhD by publication to the University of East Anglia.

Yours Sincerely,

i . : s ‘\ \\\ _ k’ o
Maria Manuela Ribeiro Costa
Lecturer at the Biology Department
University of Minho
Braga
Portugal
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Abstract

A developing plant organ exhibits complex spatiotemporal patterns of growth, cell division,
cell size, cell shape, and organ shape. Explaining these patterns presents a challenge
because of their dynamics and cross-correlations, which can make it difficult to disentangle
causes from effects. To address these problems, we used live imaging to determine the spa-
tiotemporal patterns of leaf growth and division in different genetic and tissue contexts. In
the simplifying background of the speechless (spch) mutant, which lacks stomatal lineages,
the epidermal cell layer exhibits defined patterns of division, cell size, cell shape, and growth
along the proximodistal and mediolateral axes. The patterns and correlations are distinctive
from those observed in the connected subepidermal layer and also different from the epider-
mal layer of wild type. Through computational modelling we show that the results can be
accounted for by a dual control model in which spatiotemporal control operates on both
growth and cell division, with cross-connections between them. The interactions between
resulting growth and division patterns lead to a dynamic distributions of cell sizes and
shapes within a deforming leaf. By modulating parameters of the model, we illustrate how
phenotypes with correlated changes in cell size, cell number, and organ size may be gener-
ated. The model thus provides an integrated view of growth and division that can actas a
framework for further experimental study.
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Author summary

Organ morphogenesis involves two coordinated processes: growth of tissue and increase
in cell number through cell division. Both processes have been analysed individually in
many systems and shown to exhibit complex patterns in space and time. However, it is
unclear how these patlerns of growlh and cell division are coordinated in a growing leaf
that is undergoing shape changes. We have addressed this problem using live imaging to
track growth and cell division in the developing leaf of the mustard plant Arabidopsis
thaliana. Using subsequent computational modelling, we propose an integrated model of
leaf growth and cell division, which generales dynamic distributions of cell size and shape
in different tissue layers, closely matching those observed experimentally. A key aspect of
the model is dual conlrol of spatiolemporal patterns of growth and cell division parame-
ters. By modulating parameters in the model, we illustrate how phenotypes may correlate
with changes in cell size, cell number, and organ size.

Introduction

The development of an organ from a primordium typically involves two types of processes:
increase in cell number through division, and change in tissue shape and size through growth.
However, how these processes are coordinated in space and time is unclear. It is possible that
spatiolemporal regulation operales through a single conlrol point: cither on growth with
downstream effects on division, or on division with downstream effects on growth. Alterna-
Lively, spaliolemporal regulation could act on both growth and division (dual control), with
cross talk between them. Distinguishing between these possibilities is challenging because
growth and division typically occur in a context in which the tissue is continually deforming.
Moreover, because of the correlations between growth and division it can be hard to distin-
guish cause from effect [1]. Plant developmenl presents a tractable system for addressing such
problems because cell rearrangements make little or no contribution to morphogenesis, sim-
plifying analysis [2].

A growing plant organ can be considered as a deforming mesh of cell walls that yields con-
tinuously to cellular turgor pressure [3,4]. [n addition to this continuous process of mesh
deformation, new walls are introduced through cell division, allowing mesh strength to be
maintained and limiting cell size. It is thus convenient to distinguish between the continuous
expansion and deformation of the mesh, referred to here as growth, and the more discrete pro-
cess of introducing new walls causing increasing cell number, cell division [5-8].

The developing Arabidopsis leaf has been used as a system for studying cell division control
within a growing and deforming tissuc. Developmental snapshots of epidermal cells taken at
various stages of leaf development reveal a complex pattern of cell sizes and shapes across the
leaf, comprising both stomatal and non-stomatal lincages [9]. Cell shape analysis suggests that
there is a proximal zone of primary proliferative divisions that is established and then abol-
ished abruptly. Expression analysis of the cell cycle reporter construct cyclinl Arabidopsis
thaliana B-glucuronidase (cycIAt-GUS) [10] shows that the proximal proliferative zone
extends more distally in the subepidermal as compared with the epidermal layer. Analysis of
the intensity of cycIA{-GUS, which combines both epidermal and subepidermal layers, led to a
one-dimensional model in which cell division is restricted to a corridor of fixed length in the
proximal region of the leaf [11]. The division corridor is specified by a diffusible factor gener-
ated at the leaf base, termed mobile growth factor, controlled by expression of Arabidopsis
cytochrome P450/CYP78A5 (KLUII). Two-dimensional models have been proposed based on
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growth and cell division being regulated in parallel by a morphogen generated at the leaf base
[12,13]. These models assume either a constant cell area al division, or conslant cell cycle
duration.

‘I'he above models represent important advances in understanding the relationships
between growth and division, but leave open many questions, such as the relations of divisions
Lo anisotropic growth, variations along both mediolateral and proximodistal axes, variation
between cell layers, variation between genotypes with different division patterns, and predic-
tions in relalion o mulants that modify organ size, cell numbers, and cell sizes [14].

Addressing these issues can be greatly assisted through the use of live confocal imaging to
directly quantify growth and division [15-22]. Local rates and orientations of growth can be
estimated by the rate that landmarks, such as cell vertices, are displaced away from each other.
Cell division can be monitored by the appearance of new walls within cells. This approach has
been used to measure growth rates and orientations for developing Arabidopsis leaves and has
led to a tissue-level model for its spatiotemporal control [16]. Live tracking has also been used
to follow stomatal lineages and inform hypotheses for stomatal division control [23]. It has
also been applied during a lale stage of wild-type leal developmenl after mosl divisions have
ceased [24]. However, this approach has yet to be applied across an entire leaf for extended
periods lo compare different cell layers and genolypes.

Here, we combine tracking and modelling of 2D growth in different layers of the growing
Arabidopsis leaf to study how growth and division are integrated during organ morphogenesis.
We exploit the speechless (spch) mutant to allow divisions to be followed in the absence of sto-
malal lincages, and show how the distribution and rates of growth and cell division vary in the
epidermal and subepidermal layers along the proximodistal and mediolateral axes and in time.
We further compare these findings to those of wild-type leaves grown under similar condi-
tions. Our results reveal spatiotemporal variation in both growth rates and cell properties,
including cell sizes, shapes, and patterns of division. By developing an integrated model of
growth and division, we show how these observations can be accounted for by a model in
which core components of both growth and division are under spatiolemporal control. Vary-
ing parameters of this model illustrates how changes in organ size, cell size, and cell number
are likely interdependent, providing a framework for evaluating growth and division mutants.

Results

To develop an integrated model of growth and division, we first tracked the epidermis of spch
mutants, as they exhibit a simplified pattern of cell lineages [23]. Cell division dynamics were
monitored by measuring spatiotemporal variation in two components: competence and execu-
tion. Competence refers to whether a cell has the potential to divide at some point in the
future, whereas execution refers to a cell undergoing division (i.e., being cleaved into two).

A proximal zone of division competence initially extends with tissue
growth in the epidermis

Tracking cell vertices on the abaxial epidermis of spch seedlings imaged at about 12-h intervals
allowed cells at a given developmental stage to be classified into those that would undergo divi-
sion (competent to divide, green, Fig 1A), and those that did not divide for the remainder of
the tracking period (black, Fig 1A). During the first time interval imaged (Fig 1A, 0-14 h),
division competence was restricted to the basal half of the leaf, with a distal limit of about

150 pm (all distances are measured relative to the petiole-lamina boundary, Fig 1). To visualise
the fate of cells at the distal limit, we identified the first row of nondividing cells (orange) and
displayed them in all subsequent images. During the following time intervals, the zone of
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Fig 1. Dynamics of cell division and growth in the spch epidermis. Time-lapse imaging of a spch leaf at
approximately 12-h intervals over 4 d (0-100 h; last time point in series not shown). Data shown on the first time point
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(underlined) for each tracking interval. Leaf widths for the first time point (left to right) are 0.15, 0.22, 0.27, 0.31, 0.39,
0.48, and 0.68 mm. (A) Cells amenable to tracking that were competent to divide (green), and either executed division
during the interval (light green) or divided in a later interval (dark green). Cells that did not divide (black, first row in
0-14 h are coloured orange throughout). For the last interval (74-100 h), cell divisions could only be tracked for a
subset of cells because of missing data points at 100 h. (B-D) Cellular growth rates (heat maps) for each tracking
interval. Black line refers to orange cells in (A). (B) Areal growth rates. (C) Growth rates parallel to the midline
{proximodistal). (D) Growth rates perpendicular to the midline (mediolateral). (E) Cell areas for the first time point of
the interval. Leaf outline indicated by dotted black line. The petiole-lamina boundary was defined by selecting a cell
from a later stage of development, where the lamina narrows, and then tracing its lineage back to all stages. Grey boxes
are aligned to the petiole-lamina boundary and extend to 150 or 300 um. Black arrows indicate distal boundary of the
zone of division competence. Scale bar = 100 pm. See also S1 Fig, S2 Fig, 83 Fig, $4 Fig, S5 Fig, and S6 Fig. Source data
are available from https:/figshare.com/s/bl4c8e6cb1fc5135dd87. spch, speechless.

https:/doi.org/10.1371/journal.pbio.2005952.9001

competence extended together with growth of the tissue to a distance of about 300 um, after
which it remained at this position, while orange boundary cells continued to extend further
through growlh. Fewer competent cells were observed in the midline region al laler stages.
Thus, the competence zone shows variation along the proximodistal and mediolateral axes of
the leaf, initially extending through growth to a distal limit of about 300 pm and disappearing
carlier in the midline region.

Execution of division exhibits spatiotemporal variation in the epidermis

To monilor execution of division, we imaged spch leaves at shorler intervals (every 2 h). Al
carly stages, cells executed division when they reached an area of about 150 gm? (Fig 2A, 0-24
h). At later stages, cells in the proximal lamina (within 150 #zm) continued to execute division at
about this cell area (mean = 151 + 6.5 ymz. Fig 2B), while those in the more distal lamina or in
the midline region executed divisions at larger cell arcas (mean = 203 +9.7 um” or 243.0 + 22.4
#m?, respectively, Fig 2A, 2B and 2D). Cell cycle duration showed a similar pattern, being lowest
within the proximal 150 gzm of the lamina (mean = 13.9 + 0.8 h) and higher dislally (mean =
19.4 = 1.8 h) or in the midline region (18.9 + 2.1 h, Fig 2C and 2E). Within any given region,
there was variation around both the area at time of division execution and the cell cycle dura-
tion (Fig 2F and 2G). For example, the area at execution of division within the proximal 150 ym
of the lamina had a mean of aboul 150 gm?, with standard deviation of about 40 ym> (Fig 2F).
The same region had a cell cycle duration with a mean of about 14 h and a standard deviation of
about 3 h. 'Thus, both the area at which cells execute division and cycle duration show variation
around a mean, and the mean varies along the proximodistal and mediolateral axes of the leaf.
"These findings suggest that models in which either cell area at the time of division or cell cycle
duration are fixed would be unable to account for the observed data.

Epidermal growth rates exhibit spatiotemporal variation

"To determine how cell division competence and execution are related to leaf growth, we mea-
sured areal growth rates (relative elemental growth rates [25]) for the different time intervals,
using cell vertices as landmarks (Fig 1B). Areal growth rates varied along both the mediolateral
and proximodistal axis of the leaf, similar to variations observed for competence and execution
of division. The spatiotemporal variation in areal growth rate could be decomposed into
growth rales in different orientations. Growth rates parallel to the midline showed a proximo-
distal gradient, decreasing towards the distal leaf tip (Fig 1C and S1A Fig). By contrast, medio-
lateral growth was highest in the lateral lamina and declined towards the midline, becoming
very low there in later stages (Fig 1D and S1B Fig). The region of higher mediolateral growth
may correspond Lo the marginal meristem [26]. Regions of low mediolateral growth (i.c., the
proximal midline) showed elongated cell shapes. Models for leaf growth therefore need to
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Fig 2. Quantification of cell division execution. Time-lapse imaging of a spch leaf imaged at 2-h intervals over 3 d (0-
71 h, last time point in series not shown). Leaf widths for the first time point (left to right) are 0.09, 0.21, and 0.36 mm.
{A) Cell area at division execution (heat map) for cells amenable to tracking, visualised over 24-h intervals and shown
on the first time point of the interval (underlined). Cells that did not divide during the 24-h interval are coloured black.
If cells divided more than once in the 24-h interval, the area of the first division is shown. Leaf outline indicated by
dotted black line. The petiole-lamina boundary was defined as described in Fig 1. Grey boxes are aligned to the petiole-
lamina boundary and extend to 150 or 300 um. Cells within the magenta line were assigned as being within the midline
region. (B-E) Data grouped into intervals of 12 h (inset in D). Means {g) are shown with + ranges indicating

1.96 x standard error, corresponding to the 95% confidence limit for a normal distribution. (B, D) Area of cells at
division execution versus distance from the petiole-lamina boundary. (B) Cells in the lamina (4 = 170.8 + 7.7 um?),
mean cell area of cells within the proximal 150 um = 151 £ 6.5 um?, mean cell area of cells outside the proximal 150
um=203197 .umz. (D) Cells in the midline region (¢ = 243.0 1 22.4 (4!)’12). (C, E) Cell cycle duration versus distance
from the petiole-lamina boundary. {C) Cells in the lamina (4 = 16.2 + 1.0 h). For cells in the proximal 150 ym, u =

13.9 + 0.8 h. For cells outside the proximal 150 gm, ¢ = 19.4 + 1.8 h. (E) Cells in the midline (= 18.9+ 2.1 h). (F, G)
Histograms of cell area at time of division execution, and cell cycle duration, during time intervals of 24 h (asin A). (F)
Area at division execution for cells within the proximal 150 gm of the lamina (u = {145.6, 158.3, 142.6}, standard
deviation o = {36.3, 37.9, 40.1}). (G) Cell cycle duration for cells within the proximal 150 gm of the lamina (x = {15.8,
13.1,16.7}, 0 = {2.5, 3.3, 2.7}). Measurements of cell area and cell cycle duration are accurate to within 2 h (the time
interval between imaging) of division execution. Scale bar = 100 pm. See also S7 Fig. Source data are available from
https://figshare.com/s/b14c8e6¢b 1fc5135dd87. speh, speechless.

https:/doi.org/10.1371/journal.pbio.2005952.g002

account not only for the spatiotemporal pattern of areal growth rates but also the pattern of
anisotropy (differential growth in different orientations) and correlated patterns of cell shape.

Cell sizes reflect the combination of growth and division

Cell size should reflect both growth and division: growth increases cell size while division
reduces cell size. Cell periclinal areas were estimaled from (racked verlices (Fig 1E). Segmenl-
ing a sample of cells in 3D showed that these cell areas were a good proxy for cell size, although
factors such as leaf curvature introduced some errors (for quantifications see S5 Fig, and ‘Anal-
ysis of cell size using 3D segmentation’ in Materials and methods). At the first time point
imaged, cell areas were about 100-200 gm? throughoul most of the leaf primordium (Fig 1E,
left). Cells within the proximal 150 gm of the lamina remained small at later stages, reflecting
continued divisions. In the proximal 150-300 gm of the lamina, cells were slightly larger,
reflecting larger cell areas at division execution. Lamina cells distal to 300 gm progressively
enlarged, reflecting the continued growth of these nondividing cells (Fig 1E and Fig 3A). Cells
in the midline region were larger on average than those in the proximal lamina, reflecting exe-
cution of division at larger cell areas (Fig 1E and Fig 3C). Thus, noncompelent cells increase in
area through growth, while those in the competence zone retain a smaller size, with the small-
est cells being found in the most proximal 150 #m of the lateral lamina.

Correlations between cell size and growth rate

Visual comparison between arcal growth rates (Fig 2B) with cell sizes (Fig 2E) suggested that
regions with higher growth rates had smaller cell sizes. Plotting areal growth rates against log
cell area confirmed this impression, revealing a negalive correlation between growth rate and
cell size (Fig 4B). Thus, rapidly growing regions tend to undergo more divisions. This relation-
ship is reflected in the pattern of division competence: mean areal growth rates of competent
cells in the lamina were higher than noncompetent cells, particularly at early stages (Fig 3I).
However, there was no fixed threshold growth rate above which cells were competent, and for
the midline region there was no clear difference between growth rates of competent and non-
competent cells (Fig 31). Plotting areal growth rates for competent and noncompetent cells
showed considerable overlap (S6 Fig), with no obvious swilch in growth rate when cells no
longer divide (become noncompetent). Thus, high growth rate broadly correlates with division
competence, but the relationship is not constant for different regions or times.
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Fig 3. Quantification of cell areas and growth rates in epidermal and subepidermal data and models. (A-D) Data from cells amenable to tracking in the time-lapse
experiment shown in Fig | and Fig 6. Data points are colour coded according to leaf width at the beginning of each time interval, as detailed in legend to Fig 1. (A)
Epidermal cells in the lamina. (B) Subepidermal cells in the lamina. (C) Epidermal cells in the midline. (D) Subepidermal cells in the midline. (E-H) Output from
epidermal and subepidermal models. (E) v-cells in the lamina of the epidermal model. (F) v-cells in the lamina of the subepidermal model. (G) v-cells in the midline of
the epidermal model. (H) v-cells in the midline of the subepidermal model. Model data points are colour coded according to leaf width at equivalent stages to the data.
(I-]) Areal growth rates of tracked cells in the lamina (Lam) and midline (Mid) regions, according to whether they were competent to divide or not competent to
divide for the (I) epidermis and (J) subepidermis. Data are grouped according to tracking interval {as in Fig 1); colours represent leaf widths at the start of each interval
(as for A-D). Boxes represent the central 50% of the data, with top and bottom at the 25% and 75% quantiles of the data. Central red lines represent the median of the
data, and two medians are significantly different (at a 5% significance level) if their notches overlap. Outliers are shown as red crosses. Data with a sample size less than
15 arc omitted. Source data arc available from https://figshare.com/s/b14c8e6¢b1fc5135dd87. Lam, lamina; Mid, midline; v-cell, virtual cell.

https://doi.org/10.1371/journal pbio.2005952.9003

Subepidermal division rules can be decoupled from those of the overlying
epidermis

To determine how the patterns and correlations observed for the epidermis compared to those
in other tissues, we analysed growth and divisions in the subepidermis. The advantage of ana-
lysing an adjacent connected cell layer is that unless intercellular spaces become very large, the
planar cellular growth rales will be very similar Lo those of the atlached epidermis (because of
tissue connectivity and lack of cell movement). Comparing the epidermal and subepidermal
layers therefore provides a useful system for analysing division behaviours in a similar spatio-
temporal growth context. Moreover, by using the spch mutant, one of the major distinctions in
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Fig 4. Correlations between growth rates and cell size. Areal cell growth rates against log cell area for time intervals at different developmental stages. Data
points are colour coded according to leaf width at the start of the interval {colour scale is shown at the top). Solid red lines indicate mean cell areas () and dashed
red lines indicate mean growth rate (k). with  ranges indicating 1.96 x standard crror of mean. Lines fitted for R* > 0.2 are shown in magenta; those with R* <
0.2and > 0.1 arc shown in grey (p-valucs are all less than 5.1x107° for line fits). (A) Wild type (from dataset shown in Fig 713-71), time intervals: 12-25 h, 25-37 h,
37-47 h, 47-57 h). From left to right, pa = {4.2 1 0.08, 4.3 1 0.07, 4.4 1 0.07, 4.4 1 0.07}, pk = {0.038 £ 0.001,0.033 1 0.001, 0.021 + 0.001, 0.026 1 0.001}, gradient
m = {-0.008, —0.004, —0.002, —0.006}, and R* = {0.18,—,—,0.14}. (B) speh epidermis (from dataset shown in Fig 1, time intervals: 14-24 h, 35-47 h, 47-58 h, 58-74
h), pe = {5.3 4 0.08, 5.3+ 0.06, 5.4 + 0.06, 5.4 + 0.06}, uk = {0.033 + 0.001, 0.036 + 0.001, 0.033 + 9x10™*, 0.031 + 8x10~*}, m = {-0.014, ~0.009, ~0.008, ~0.008},
and R* = {0.31,0.31,0.27,0.38}. (C) spch subepidermis (from dataset shown in Fig 6, time intervals: 14-24 h, 35-47 h, 47-58 h, 58-74 h), pa = {5.0 + 0.09,5.0 + 0.06,
5.110.05,5.1 L 0.05}, uk = {0.033 £ 0.002, 0.033 L 0.001,0.028 L 0.001, 0.026 L 9x10™"}, m = {~0.003, -0.010, ~0.002, ~0.008}, and R* = {-, 0.19, -, 0.15}. (D) spch
epidermal model output at stages corresponding to leaf widths in (B), pa — 4.9 1.0.05,4.9 1 0.05, 5.0 1 0.04, 5.0 1 0.04}, k — {0.045 1 0.001, 0.037 1 5x107",

0.035 +0.004, 0.038 + 1x107"}, m={ 0012, 0.008, 0.008, 0.009}, K* = {0.33,0.42,0.54,0.59}. Source data are available from https://figshare com/s/

bldc8ebcbl d87. Ln, natural logarithm; spch, speechess.

https://doi.org/10.1371/joumal.pbio.2005952.9004
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division properties between these layers (the presence of stomatal lineages in the epidermis) is
climinaled.

Divisions in the abaxial subepidermis were tracked by digitally removing the overlying epi-
dermal signal (the distalmost subepidermal cells could not be clearly resolved). As with the epi-
dermis, 3D segmentation showed that cell areas were a good proxy for cell size, although
average cell thickness was greater (S11 Fig, see also ‘Analysis of cell size using 3D segmenta-
tion” in Materials and methods). Unlike the epidermis, intercellular spaces were observed for
the subepidermis. As the lissue grew, subepidermal spaces grew and new spaces formed (Fig
5A-5D). Similar intercellular spaces were observed in subepidermal layers of wild-type leaves,
showing they were not specific to spch mutants (S8 Fig).

Vertices and intercellular spaces in the subepidermis broadly maintained their spatial rela-
tionships with the epidermal verlices (Fig 5C, 5E and 5F). Comparing the cellular growth rates
in the plane for a patch of subepidermis with the adjacent epidermis showed that they were
similar (S9 Fig), although the subepidermal rates were slightly lower because of the intercellu-
lar spaces. This correlation is expected, because unless the intercellular spaces become very
large, the arcal growth rates of the epidermal and subepidermal layers are necessarily similar.

The most striking difference between subepidermal and epidermal datasets was the smaller
size of the distal lamina cells of the subepidermis (compare Fig 6A with Fig 1E, and Fig 3A
with Fig 3B). For the epidermis, these cells attain areas of about 1,000 um” at later stages, while
for the subepidermis they remain below 500 zm?. 'T'his finding was consistent with the subepi-
dermal division competence zone extending more distally (Fig 6B), reaching a distal limit of
aboul 400 um compared with 300 um for the epidermis. A more dislal limil for the subepider-
mis has also been observed for cell cycle gene expression in wild type [10]. Moreover, at early
stages, divisions occurred throughout the subepidermis rather than being largely proximal, as
observed in the epidermis, further contributing to the smaller size of distal subepidermal cells
(S10 Fig). Despite these differences in cell size between layers, subepidermal cell areal growth
rates showed similar spatiotemporal patterns to those of the overlying epidermis, as expected
because of lissue conneclivity (compare Fig 6C with Fig 1B). Consequently, correlations
between growth rate and cell size were much lower for the subepidermis than for the epidermis
(Fig 4B and 4C).

This difference in the relationship between growth and cell size in different cell layers was
confirmed through analysis of cell division competence. In the subepidermis, at carly stages
there was no clear difference between mean growth rates for competent and noncompetent
cells (Fig 3] cyan, green), in contrast Lo whalt is observed in the epidermis (Fig 31 cyan, green),
while at later stages noncompetent cells had a slightly lower growth rate (Fig 3] yellow, red).

SPCH promotes division competence

"To determine how the patterns of growth and division observed in spch related to those in
wild type, we imaged a line generated by crossing a spch mutant rescued by a functional SPCH
protein fusion (pSPCH:SPCH-GFP) to wild type expressing the PIN3 auxin transporter (PIN3:
PIN3-GEP), which marks cell membranes in the epidermis [23]. The resulting line allows sto-
matal lineage divisions to be discriminated from non-stomatal divisions (see below) in a SPCH
conlext. Al early stages, wild-lype and spch leaves were not readily distinguishable based on
cell size (512 Fig). However, by the time leaf primordia attained a width of about 150 yzm, the
number and size of cells differed dramatically. Cell areas in wild type were smaller in regions
outside the midline region, compared with corresponding cells in spch (Fig 7A). Moreover,
cell divisions in wild type were observed throughout the lamina that was amenable (o tracking
(Fig 7B, 0-12 h), rather than being largely proximal. Divisions were observed over the entire
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Oh 25h 50h 75h

Fig 5. Subepidermal and epidermal cells in a spch leaf. (A) Projections of the subepidermal layer, imaged approximately every 24 h

over 4 d (0-96 h). Cell divisions and growth for the epidermal layer of this leaf are shown in 3 Fig. Leaf widths (left to right) are 0.17,
0.27,0.39, 0.50, and 0.58 mm. A patch of cells was tracked between intervals (cells coloured red). (B) Enlargement of the patch of cells
in (A) (red outline). (C) Cells outlined in (B), showing individual cells (filled pink, outlined red) and vertices around some air spaces

(coloured dots, also shown in F). {D) Enlargement of cells located in the black box of C, showing air spaces (white, examples
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highlighted with black arrows). (E) Epidermal cells adjacent to the subepidermal patch (B). (F) Outlines of epidermal cells (blue) with
vertices of subepidermal cells (coloured spots, also shown in C). Scale bars for A, B, C, Li, F — 50 pum; scale bar for D = 10 jun. See also
S8 Fig and S9 Fig. Source data are available from https://figshare.com/s/b14c8e6cb1fc5135dd87. spch, speechless.

https://doi.org/10.1371/journal pbio.2005952.9005

lamina for subsequent time intervals, including regions distal to 300 ym (Fig 7B, 12-57 h).
These results indicate that SPCH can confer division competence in epidermal cells outside
the proximal zone observed in spch mutants.

SPCH acts autonomously to reduce the cell area at which cells execute
division

'I'o further clarify how SPCI1 influences cell division, we used SPCI1-GFP signal to classify
wild-type cells into two types: (1) Stomatal lineage divisions, which include both amplifying
divisions (cells express SPCH strongly around the lime of division and retain expression in
one of the daughter cells) (S1 Video, orange/yellow in Fig 7C) and guard mother cell divisions
(SPCI1 expression is bright and diffuse during the first hours of the cycle, transiently switched
on around time of division, and then switched off in both daughters). (2) Non-stomatal divi-
sions, in which SPCII expression is much weaker, or only lasts <2 h, and switches off in both
daughter cells (S2 Video, light/dark green in Fig 7C).

If cells with inaclive SPCH behave in a similar way in wild-Lype or spch mulanl conlexts, we
would expect non-stomatal divisions to show similar properties to divisions in the spch
mutant. In the first time interval, non-stomatal divisions (green) were observed within the
proximal 150 gm (Fig 7C, 0-12 h), similar to the extent of the competence zone in spch (Fig
1A, 0-14h). The zone of non-stomalal divisions then extended Lo about 250 ym and became
restricted to the midline region. After leaf width was greater than 0.45 mm, we did not observe
further non-stomatal divisions in the midline region, similar to the situation in spch leaves at a
comparable width (Fig 1A, 58-74h, 0.48 mm). These results suggest that similar dynamics
occur in the non-stomatal lineages of wild type and the spch mutant.

To determine how SPCH modulates division, we analysed stomatal and non-stomatal divi-
sions in the lamina. Considerable varialion was observed for both the arca at which cells divide
(25-400 ;tmz) and cell cycle duration (8-50 h) (S13 Fig). The mean area at which cells execute
division was greater for non-stomatal divisions (about 165 + 28 pm? [1.96 x standard error])
than stomatal divisions (about 80 + 6 ym?) (13 Fig). Similarly, cell cycle durations were longer
for non-stomalal divisions (aboul 25 * 3 h) compared with stomatal divisions (about 18 + 1 h).
These results suggest that in addition to conferring division competence, SPCH acts cell auton-
omously to promote division at smaller cell sizes and/or for shorter cell cycle durations.

Wild type and spch can grow at similar rates despite different division
patterns

Given the alteration in cell sizes and division patterns in wild type compared to spch, we won-
dered if these may reflect alterations in growth rates. When grown on agar plates, spch mutant
leaves grow more slowly than wild-type leaves (S14A Fig). The slower growth of spch could
reflect physiological limitations caused by the lack of stomata, or an effect of cell size on
growth—larger cells in spch cause a slowing of growth. However, the tracking data and cell size
analysis of spch and wild type described above were carried out on plants grown in a bio-imag-
ing chamber in which nutrients were conlinually circulated around the leaves. Growth rates
for wild type and spch leaves grown in these conditions were comparable for much of early
development, and similar to those observed for wild type on plates (compare Fig 7D with Fig
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Fig 6. Dynamics of cell division and growth in the spch subepidermis. Cells amenable to tracking in the subepidermal layer of the spch leaf shown in Fig 1. Data
shown on first time point (underlined) for cach tracking interval. (A) Cell areas (heat map). (B) Cells that were competent to divide (green) and either executed
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division during the interval (light green) or divided in a later interval (dark green). Cells that did not divide (black), intercellular air spaces (white). (C) Cellular
areal growth rates (heat map). Leaf outline indicated by dotted black line. The petiole-lamina boundary was defined as described in Fig 1. Grey boxes are aligned to
the petiole-lamina boundaries and extend to 150 or 300 gm. Black arrows indicate the distal boundary of the epidermal zone of division (as shown in Fig 1). Scale
bar = 100 gm. See also S10 Fig and S11 Fig. Source data are available from https://figshare.com/s/bl14c8e6cb1fc5135dd87. spch, speechless.

https/doi.org/10.1371/journal pbio.2005952.9006

1B, §14 Fig). These resulls suggest thal the reduced growth rates of spch compared with wild
type at carly stages on plates likely reflect physiological impairment caused by a lack of stomata
rather than differences in cell size. As a further test of this hypothesis, we grew fama (basic
helix-loop-helix transcription factor bIH{LI1097) mutants, as these lack stomata but still
undergo many stomatal lincage divisions [27]. We found thal fama mulants allained a similar
size Lo spch mutants on plates, consistent with the lack of stomata being the cause of reduced
growth in these conditions (S14 Fig).

Plots of cell area against growth rates of tracked leaves grown in the chamber showed that,
for similar growth rates, cells were about three times smaller in wild type compared with spch
(compare Fig 4A with Fig 4B). Thus, the effects of SPCIT on division can be uncoupled from
effects on growth rale, at least at early stages of development.

At later stages (after leaves were about 1 mm wide), spch growth in the bio-imaging cham-
ber slowed down compared with wild type, and leaves attained a smaller final size. This later
difference in growth rate might be explained by physiological impairment of spch because of
the lack of stomata, and/or by feedback of cell size on growth rates. This change in later behav-
iour may reflect the major developmental and transcriptional transition that occurs after cell
proliferation ceases [9].

An integrated model of growth and division

The above results reveal that patterns of gmwth rate, cell division, and cell size and shape
exhibit several features in spch: (1) a proximal corridor of cell division competence, with an
approximalely fixed distal limil relative Lo the petiole-lamina boundary; (2) the distal limit is
greater for subepidermal (400 gym) than epidermal tissue (300 #m); (3} a further proximal
restriction of division competence in the epidermis at early stages that extends with growth
until the distal limit of the corridor (300 #um) is reached; (4) larger and narrower cells in the
proximal midline region of the epidermis; (5) a proximodistal gradient in cell size in the epi-
dermal lamina; (6) a negative correlation between cell size and growth rate that is stronger in
the epidermis than subepidermis; (7) variation in both the size at which cells divide and cell
cycle duration along both the proximodistal and mediolateral axes; and (8) variation in growth
rates parallel or perpendicular to the leaf midline. In wild-type plants, these patterns are fur-
ther modulated by the expression of SPCH, which leads to division execution at smaller cell
sizes and exlension of compelence, without affecting growth rates al carly stages. Thus, growth
and division rates exhibit different relations in adjacent cell layers, even in spch, in which epi-
dermal-specific stomalal lincages are climinated, and division patterns can differ between
genotypes (wild type and spch) without an associated change in growth rates.

These observations argue against spatiotemporal regulators acting solely on the execution
of division, which then influences growth, as this would be expected Lo give conserved rela-
tions between division and growth. For the same reason, they argue against a single-point-of-
control model in which spatiotemporal regulators act solely on growth, which then secondarily
influences division. Instead, they suggest dual control, with spatiotemporal regulators acting
on both growth and division components. With dual control, growth and division may still
interact through cross-dependencies, bul spatiotemporal regulation does not operate exclu-
sively on one or the other.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005952 November 1, 2018 14/48
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Fig 7. Dynamics of cell division and growth in the wild-type epidermis. (A) Cell areas (heat map) of wild-type (left) and spch
(right) leaves at similar developmental stages. (B-D) Cells amenable to tracking from time-lapse imaging of a wild-type leaf
(expressing pSPCIL:SPCH-GIP, not shown) at approximately 1-h intervals over 2.5 d (0-57 h, last time point in series not shown).
Data are visualised over about 12-h intervals and shown on first time point (underlined) for each interval. Leaf widths for first time
point {left to right) are 0.17,0.23, 0.28, 0.39, and 0.42 mm. (B) Cells amenable to tracking that were competent to divide (green) and
either executed division during the interval (light green) or divided in a later interval (dark green). Cells that did not divide (black).
(C) Non-stomatal divisions coloured as for (B). Stomatal lineage divisions that executed division during the interval (yellow) or
divided in a later interval {(orange). (D) Cellular areal growth rates (heat map) for each tracking interval. Teaf outline indicated by
dotted black line. The petiole-lamina boundary was defined as described in Fig 1. Grey boxes are aligned to the petiole-lamina
boundary and extend to 150 or 300 #m. Cells within the magenta lines were assigned as being destined to form the midline
according to their position and shape in the final image. Scale bars = 100 #m. See also S12 Fig, S13 Fig, and S14 Fig. Source data are
available from https://figshare.com/s/b14c8e6cb1fc5135dd87. GFP, green fluorescent protein; spch, speechless.

https://doi.org/10.1371/journal pbio.2005952.9007

To determine how a hypothesis based on dual control may account for all the observations,
we used computational modelling. We focussed on the epidermal and subepidermal layers of
the spch mutant, as these lack the complications of stomatal lineages. For simplicity and clarity,
spatiotemporal control was channelled through a limited set of components for growth and
division (Fig 8A). There were two components for growth under spatiolemporal control: spec-
ified growth rates parallel and perpendicular to a proximodistal polarity field (K, and Ky,
respeclively) [16]. Together with mechanical constraints of lissue conneclivity, these specified
growth components lead to a pattern of resultant growth and organ shape change [28]. There
were two components for cell division under spatiotemporal control: competence to divide
(CDIV), and a threshold area for division execution that varies around a mean (A). Control-
ling division execution by a threshold cell size (A) introduces a cross-dependency between
growth and division, as cells need to grow to attain the local threshold size before they can
divide. The cross-dependency is indicated by the cyan arrow in Fig 8A, feeding information
back from cell size (which depends on both growth and division) to division. An alternative to
using A as a component of division-control might be to use a mean cell cycle duration thresh-
old. However, this would bring in an expected correlation between high growth rates and large
cell sizes (for a given cell cycle duration, a faster-growing cell will become larger before cycle
completion), which is the opposite trend of what is observed.

Spatiotemporal regulators of growth and division components can be of two types: those
that become deformed together with the tissue as it grows (fixed to the tissue) and those that
maintain their pattern to some extent despite deformation of the tissue by growth (requiring
mobile or diffusible factors) [28]. In the previously published growth model, regulatory factors
were assumed, for simplicity, to deform with the tissue as it grows [16]. These factors com-
prised a graded proximodistal factor (PGRAD), a mediolateral factor (MID), a factor distin-
guishing lamina from petiole (LAM), and a timing factor (LATE) (S15A and S15B Fig).
However, such factors cannot readily account for domains with limits that remain at a con-
stant distance from the petiole-lamina boundary, such as the observed corridors for division
competence. This is because the boundary of a domain that is fixed to the tissue will extend
with the tissue as it grows. We therefore introduced a mobile factor, proximal mobile factor
(PMF), that was nol fixed Lo the lissue Lo account for these behaviours. This molivation is simi-
lar to that employed by others [11-13]. PMF was generated at the petiole-lamina boundary
and with appropriate diffusion and decay coefficients such that PMF initially filled the primor-
dium and then showed a graded distribution as the primordium gresw larger, maintaining a
high concentration in the proximal region and decreasing towards the leaf tip (S15C and S15D
Fig). This profile was maintained despite further growth, allowing thresholds to be used to
define domains with relatively invariant distal limits. Further details of the growth model are
given in Materials and methods, and the resultant growth rates are shown in S16 Fig (compare
with Fig 1B and 1D).
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to influence resultant growth, cell division, cell size, and organ shape and size. The magenta arrow shows an optional
feedback on growth rate from cell size. The cyan arrow shows feedback from cell size to division. (B-D) Model
regulatory networks for early stages of leaf development (124-182 h). (B) Growth regulatory network (KRN).
Epidermal-specific interactions are denoted with red lines, subepidermal-specific interactions with light blue, and
interactions common to both models with black. {C) The regulatory network for CDTV. (D) The division threshold ()
regulatory network. (E-H) Model output leaves (left to right) at 115, 132, 140, 147, 156, 164, and 178 h for the (E-F)
subepidermis model and (G-H) epidermis model. (E) Area and pattern of v-cells (heat map) with intercellular spaces
{white). (F) v-cells that were competent to divide {green) and either executed division during the interval (light green)
or divided in a later interval (dark green). Cells that did not divide (white). (G) Area and pattern of v-cells (heat map).
(1) v-cells that were competent to divide (green) and either executed division during the interval (light green) or
divided in a later interval (dark green). Cells that did not divide (white). Grey boxes are aligned to the petiole-lamina
boundary and extend to 150 and 300 pum. Scale bar = 100 pm. See also S15 Fig and $16 Fig. Source data are available
from https://figshare.com/s/bl4c8e6cb1fc5135dd87. A, threshold cell area for division execution; CDIV, competence
to divide; K, specified growth rate parallel to polarity axis; K, specified growth rate perpendicular to polarity axis;
KRN, growth regulatory network; LAM, a factor distinguishing lamina from petiole; LATE, a timing factor; MID, a
mediolateral factor; PGRAD, a graded proximodistal factor; PMF, proximal mobile factor; v-cell, virtual cell.

https://doi.org/10.1371/journal.pbio 2005852.9008

Cells were incorporated by superimposing polygons on the initial tissue or canvas (S15A
Fig, right). The sizes and geometries of these virtual cells (v-cells) were based on cells observed
at corresponding stages in confocal images of leaf primordia [16]. The vertices of the v-cells
were anchored to the canvas and displaced with it during growth. Cells divided according to
Errera’s rule: the shortest wall passing through the centre of the v-cell [29], with noise in posi-
tioning of this wall incorporaled to caplure variabilily. V-cells were competent Lo divide if they
expressed factor CDIV, and executed division when reaching a mean cell target area, A. As the
observed area at time of division was not invariant (Fig 2F), we assumed the threshold area for
division varied according to a standard deviation of o = 0.2A around the mean. CDIV and A
are the lwo core components of division that are under the control of spatiotemporal regula-
tors in the model (Fig 8A, 8C and 8D). Variation between epidermal and subepidermal pat-
terns reflects different interactions controlling cell division (interactions colour coded red and
blue, respectively, in Fig 8C and 8D).

We first modelled cell divisions in the subepidermis, as this layer shows a more uniform
pattern of cell sizes (Fig 3B and Fig 6A). Formation of intercellular spaces was simulated by
replacing a random selection of cell vertices with small empty equilateral triangles, which grew
atarate of 2.5% h ', an average estimated from the tracking data. 'T'o account for the distribu-
tion of divisions and cell sizes, we assumed that v-cells were competent to divide (express
CDIV) where PMF was above a threshold value. This value resulted in the competence zone
extending to a distal limit of about 400 gm. To account for the proximodistal pattern of cell
areas in the lamina (Fig 3B and Fig 6A) and larger cells in the midline (Fig 3D and Fig 6A), we
assumed that A was modulated by the levels of PMF, PGRAD, and MID (Fig 8D, black and
blue). These interactions gave a pattern of average v-cell areas and division competence that
broadly matched those observed (compare Fig 8E and 8F with Fig 6A and 6B, and Fig 3F and
3H with 3B and 3D, S3 Video).

For the epidermis, the zone of division competence was initially in the proximal region of
the primordium and then extended with the tissue as it grew (Fig 1A). We therefore hypothe-
sised that in addition to division being promoted by PMF, there was a further requirement for
a proximal faclor that extended with Lhe tissue as il grew. We used PGRAD Lo achieve this
additional level of control, assuming CDIV expression requires PGRAD to be above a thresh-
old level (Fig 8C, red and black). V-cells with PGRAD below this threshold were not compe-
tent to divide, even in the presence of high PMF. Thus, at carly stages, when PMF was high
throughout the primordium, the PGRAD requirement restricted competence to the proximal
region of the leaf (Fig 8I1). At later stages, as the PGRAD domain above the threshold extended
beyond 300 gm, PMF became limiting, preventing CDIV from extending beyond aboul 300
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pm. To account for the earlier arrest of divisions in the midline region (Fig 1A), CDIV was
inhibited by MID when LATE reached a threshold value (Fig 8C, red). As well as CDIV being
regulated, the spatiotemporal pattern of A was modulated by factors MID and PMF (Fig 8D
black).

With these assumptions, the resulting pattern of epidermal divisions and v-cell sizes
broadly malched those observed experimentally for the epidermis (compare Fig 8G wilh Fig
1E, $4 Video). In particular, the model accounted for the observed increases in cells sizes with
distance from the peliole-lamina boundary, which arise because of the proximal restrictions in
competence (compare Fig 3E and 3G with Fig 3A and 3C). The model also accounted for the
elongated cell shapes observed in the midline region, which arise through the arrest of division
combined with low specified growth rate perpendicular to the polarity. Moreover, the negative
corrclations between growth rales and cell size, not used in developing the model, were similar
to those observed experimentally (Fig 4B and 4D). These correlations arise because both
growth and division are promoted in proximal regions.

We also measured the cell topology generated by the epidermal model. Tt has previously
been shown thal the frequency of six-sided neighbours observed experimentally for the spch
leaf epidermis is very low compared with that for other plant and animal tissues and also with
that generaled by a previous implementalion of Errera’s rule (S17 Fig) [30]. The topological
distribution generated by the epidermal leaf model gave a six-sided frequency similar to that
observed experimentally, falling two standard deviations away from the mean and thus close
to a reasonable fit (S17 Fig). The increased similarity of the model output to the spch leaf epi-
dermal Lopology, compared with a previous implementation of Errera’s rule [31], may reflect
the incorporation of anisotropic growth in our model. If polarity is removed from our model
to render specified growth as isotropic (while preserving local areal growth rates), the fre-
quency of six-sided neighbours increases, becoming more like the empirical data for the shoot
apical meristem (S17 Fig). A further likely contribution to the lowering of six-sided neighbour
frequency generated by our model is the use of random noise to displace the positioning of
new walls, rather than positioning them always Lo pass precisely through the cell centre. Thus,
our analysis shows how incorporating more realistic growth patterns can be valuable in evalu-
ating division rules.

Taken together, the simulations show that the pattern of growth and division can be
broadly accounled for by factors modulaling specified growth rales (K., and K, and cell
division components (CDIV and A). Variation between epidermal and subepidermal patterns
generated by the models reflects different interactions controlling cell division (Fig 8C and
8D).

Modulation of model parameters leads to variation in leaf size, cell
number, and cell size

Many mutants have been described that influence cell division and/or leaf size [32,33]. To gain
a better understanding of such mutants, we explored how changes in key parameters in our
model may alter leaf size, cell size, and cell number. As leaf size is normally measured at matu-
rity, we first extended our analysis (o later stages of development. Tracking spch Lo later stages
of development showed that overall growth rates declined, on average, while remaining rela-
tively high towards the proximal region of the lamina (S4B Fig), consistent with a previous
study [18]. Cell divisions were not observed after the leaf reached a width of about 0.9 mm
(S4A Fig, 96h). To capture arrest of division, we assumed that CDIV was switched off through-
out the leaf after LATE reached a threshold value.
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In the previously published growth model [16], the decline of grosth rates with develop-
mental time was caplured through an inhibitory effect of LATE on growth. To extend the
model to later stages and bring about eventual arrest of growth, we assumed that LATE
increased exponentially after 189 h and inhibited both K, and K}, thereafter. Parameters for
growth inhibition were adjusted to give a final leaf width of about 3 mm, which was the final
size allained for leaf 1 in spch mulants in the bio-imaging chamber. The v-cell sizes generated
by the model broadly matched the patterns observed (Fig 9A and 9B, S5 Video). As epidermal
divisions have ceased by the lime the speh lealis aboul 1 mm wide, all the growth depicled in
Fig 9A and 9B occurs in the absence of division (i.e., cell expansion). However, a notable dis-
crepancy between the model output and the experimental data was the generation of distal v-
cells that exceeded the values observed (about 20,000 um? compared with about 10,000 um?).
A similar result was obtained if the model was tuned to malch not only the final leal width but
also the reduced growth rate of spch in the growth chamber at later stages (S14B and S14C
Fig). A better fit was obtained by inhibiting specified growth rates in distal regions at later
stages. This inhibition was implemented by introducing inhibitory factors with levels that
increased distally. The result was that distal v-cells remained al or below about 10,000 pum? (Fig
9C and S6 Video). We refer to this as the limit-free model. Another way of limiting the size of
distal v-cells was Lo inlroduce feedback from cell size Lo growth, so that the specified growth
rate decreased as v-cells approached upper size limits (Fig 9] and S7 Video). This feedback cor-
responds to introducing a further interaction in the regulatory pathway (Fig 8A, magenta). We
refer to this as the limiting cell size model.

‘We varied parameters in both the limit-free model (Fig 9C) and the limiling cell size model
(Fig 9]) to see how the parameters influence cell number, cell size, and final leaf size. Increasing
A by a constant amount did not change leaf size with the limit-free model but resulted in
fewer, larger v-cells (Fig 9D). Reducing A resulted in a leaf with more v-cells that were, on
average, smaller but did not change leaf size (Fig 9E). With the limiting cell size model,
increasing or decreasing A had similar effects as with the limit-free model but also slightly
reduced or increased leaf size (Fig 9K and 9L). Thus, il is possible to affect cell number and
size without a major effect on organ size or growth.

To investigate how changing grnwth parameters influences cell numbers and areas, we
reduced the specified growth rates (values for K, and K;,,) by 5%. For the limit-free model
this resulted in a smaller leaf with both smaller and fewer v-cells (Fig 9F). There were fewer
cells because they grew more slowly and thus took longer to reach A, and cells were smaller
because they grew at a slower rate after they had ceased dividing. Conversely, increasing speci-
fied growth rate by 5% led to larger leaves, with more v-cells that were, on average, larger (Fig
9G). The model with limiting cell size gave similar results (Fig 9M and 9N). Thus, modulating
growth rates has consequences on organ size, cell size, and cell number. This may account for
why many mulants with smaller organs have both fewer cells and smaller cells [34].

‘T'o examine the effect of changes in developmental timing, we altered the onset of LATE.
Moving the onset earlier for the limit-free model led to smaller leaves because of the earlier
decline in growth rate (Fig 9H). There were fewer v-cells because of the earlier arrest of divi-
sion, and there was also a slight reduction in v-cell size. Delaying the onset of LATE had the
opposite effect of increasing leaf size, cell number, and cell size (Fig 91). The limiting cell size
model gave similar results (Fig 90 and 9P). Thus, changes in developmental timing affected
organ size and cell number, with a lesser effect on cell size. This is because changing LATE
shifts both the onset of the growth rate decline and the time of division arrest (inactivation of
CDIV).

A further application of the model is to explore the effects of the environment on leaf
growth and division. T'o illustrate this possibility, we analysed data for the spch mutant grown

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005952 November 1, 2018 20/48

114



@ PLOS | BIOLOGY

Coordination of cell division and growth during organ morphogenesis

# Cells: 2324
1 CA: 2061
LeatA' 69

#Celis: 115%
W CA: 125%
Leaf A: 144%

#Cells: 190% #Cells: 87% # Celis: 1145%
uCA:55% 1 CA83% 1A 120%
Leaf A: 104% LeafA: 72% Leaf A: 136%

#Cells: 81%
1 CA91%
LeafA: 74%

# Cells: 81%
1 CA: 945
LeafA: 76%

#Cells: 118%

uCA: 109%
Leaf A: 129%

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005952

November 1,2018

21/48

115



@‘PLOS ‘ BIOLOGY

Coordination of cell division and growth during organ morphogenesis

Fig 9. Cell areas, numbers, and leaf sizes at later developmental stages. (A) Cell areas for the spch leaf at later stages
{earlier stages shown in 54 Fig). Leaf widths (left to right) are 1.1, 1.4, 1.8, 2.1, and 2.8 mm. Leaf outline is indicated by
a dotted black line. Grey boxes are aligned to the petiole-lamina boundary and extend to 150 or 300 um. (B) Model
output at equivalent stages to experimental data (model times 201, 219, 243, 264, and 412 h). (C-I) Limit-free spch
epidermal model outputs at maturity. (C) Wild type. (D) Cell division threshold increased by 85 yun?. (E) Cell division
threshold decreased by 85 um®. () Specified growth rate reduced by 5%. (G) Specified growth rate increased by 5%.
{H) LATE comes on 6 h earlier. {I) LATE comes on 6 h later. (J-P) Limiting cell size spch epidermal model outputs at
maturity. (J) Wild type. (K) Cell division threshold increased by 85 pm™. (L) Cell division threshold decreased by

85 um®. (M) Specified growth rate reduced by 5%. (N) Specified growth increased by 5%. (O) LATE comes on 6 h
carlier. (P) LATE comes on 6 h later. Number of cells (# Cells), average cell area (j CA) in pum?, and leaf area (Leaf A)
in mm? are shown for cach model. Percentage values for mutants show relative difference to limit-free (C) and limiting
cell size (J) wild-type models. Scale bars = 1 mm. Source data are available from https share.com/s/
bl4c8e6eblfc5135dd87. # Cells, number of cells; j CA, average cell area; LATE, a timing factor; Leaf A, leaf area; spch,
speechless.

https://doi.org/10.1371/joumnal.pbio.2005952.g009

on plates, which exhibits a greatly reduced growth rate compared with growth in the chamber
(S14A and S14B Fig). A prediction of the model is that cell divisions should cease when the
leaf is at a smaller size (i.e., the leaf will have grown less by the time the threshold value of
LATE for division arrest is reached). [n addition, as spch plants grown on plates have impaired
general physiology, the rate of developmental progression (physiological time) may also be slo-
wed down. We simulalted these effects by modifying the model parameters such that the overall
growth rate was reduced by 40% and physiological time reduced by 45%. This gave a growth
curve matching that observed for spch grown on plates (blue line, S14A Fig). As expected, this
model takes longer to attain a given leaf width (e.g., 0.5 mm) than the original model. The
resulting cell areas are larger at the 0.5-mm leaf-width stage, particularly in proximal regions,
because divisions arrest when the leaf is at a smaller size, so all subsequent cell growth occurs
in the absence of division (Fig 10A and 10B and S18 Fig).

To test this prediction of enlarged cell size, we compared leaves when they had attained a
width of about 0.5 mm (Fig 10C and 10D), which is just before divisions cease for spch grown
in the chamber (Fig 1). Cells in the proximal lamina of the chamber-grown leaves were rela-
tively small (mean = 123.3 + 6.4 pm” for region shown in Fig 101), typical of dividing cells (Fig
10C and 10G); whereas those of the plate-grown leaves were larger (mean = 199.8 + 17.3 um?
for region shown in Fig 10]), indicating division arrest (Fig 10D and 1011 and S18 Fig). Proxi-
mal lamina cells in plate-grown leaves also showed greater shape complexity, typical of pave-
ment cells that have ceased division (Fig 10K-10N and S18 Fig). These results suggest that cell
divisions in much of the lamina cease when the leaf is smaller for plate-grown compared to
chamber-grown leaves, as predicted by the model. The sizes of midline cells for plate-grown
leaves predicted by the model are larger than those observed (compare Fig 10B with Fig 10H),
indicating that withdrawal of competence from this region, as implemented in the model, may
be activated too early. Conversely, the most proximal lamina cells in the plate-grown leaves
(dark blue cells, Fig 10H) are smaller than predicted (Fig 10B), suggesling that the uniform
arrest of division when LATE reaches a threshold value is an oversimplification.

Discussion

Growth rates, cell division, and cell shapes and sizes in the growing first leaf of Arabidopsis
exhibit complex spatiolemporal patterns. The main features observed in spch are (1) a proxi-
mal corridor of division competence with an approximately fixed distal limit; (2) the distal
limit is greater for subepidermal compared to epidermal tissue; (3) a further proximal restric-
tion of division competence in the epidermis at early stages that extends with growth until the
distal limil is reached; (4) a proximodistal gradient in cell size in the epidermal lamina; (5)
larger and narrower cells in the proximal midline region of the epidermis; (6) a negative
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Fig 10. Comparison of spch epidermis grown in a bio-imaging chamber and on plates. (A, B) Model outputs when
leaf has grown to a width of about 0.5 mm (see horizontal line in S14A Fig). (A) Epidermal model used to generate Fig
8G, corresponding to growth in a chamber. (B) Output from epidermal model tuned to match spch growth on plates
(by slowing growth by 40% and physiological time by 45%). (C) Leaf grown in a bio-imaging chamber when width has
attained 0.46 mm (8DAS). (D) Leaf grown on plates when width has attained 0.48 mm {13 DAS). (E) Lnlargement of
region indicated by magenta square in C. (F) Enlargement of region indicated by orange square in D. (G,H)
Segmented cells from leaves shown in C,D. Cell area colour coded as heat map for A,B. (I) Enlargement of segmented
region indicated by magenta square in G; average cell area 123.3 + 6.4 pm” (n = 184). All cells with their centroid
falling within the square were taken into account. (J) Enlargement of segmented region indicated by orange square in
11; average cell area 199.8 + 17.3 un® (n = 111). (K,L) Cell complexity from leaves shown in C,D, quantified through
the CD of the LOCO-LFA components of each individual cell’s shape, normalised for cell area (see Materials and
methods). Heat map range corresponds to zero for perfect circular or elliptical shapes, ranging to 5 as more
LOCO-EFA harmonics are needed to describe the shape (dimensionless measure). (M) Enlargement of region
indicated by magenta square in K. {N) Enlargement of region indicated by orange square in L. Scale bar = 100 um.
Source data are available from https://figshare.com/s/b14c8e6¢b1fc5135dd87. CD, cumulative difference; DAS, days
after stratification; LOCO-EFA, Lobe-Contribution Elliptic Fourier Analysis; spch, speechless.

https://doi.org/10.1371/journal.pbio 2005952.9010

correlation between cell size and growth rate that is stronger in the epidermis than in the sube-
pidermis; (7) variation in both the size at which cells divide and cell cycle duration along both
the proximodistal and mediolateral axes; (8) variation in growth rates parallel or perpendicular
to the leaf midline. In wild-type plants these patlerns are further modulated by expression of
SPCH, which leads to division execution at smaller cell sizes and extension of competence,
without affecting growth rates at early stages.

The observed varying relations between growth rates and division between Lissue layers and
genolypes argue against single-point-of-control models, in which spatiotemporal regulators
act solely through either division or growth. Instead, they suggest dual control, in which spa-
tiotemporal regulators act on both growth and division, with cross talk between them. We
show that a model based on dual control can broadly account for the data. In this model, spa-
tiotemporal control is channelled through two growth components (specified growth rates
parallel and perpendicular Lo polarity} and two division components {(competence and mean
threshold size for division) (Fig 8A). The growth components reflect turgor and cell wall exten-
sibility in different orientations, and the division components reflect regulatory mechanisms
for partitioning cells. Orientation information is provided by a tissue-wide polarity field, for
which direct evidence has recently been obtained in both wild-type and spch mutants [22,35].
The polarity field may be established through a biochemical mechanism as proposed here,
likely involving tissue-level coordinated cell polarity [36]. Alternatively, information could be
relayed through mechanical stresses [20,22,37]. The resulting patterns of growth and division
determine the distribution of cell sizes and shapes and organ shape. ‘I'he implications, limita-
tions, and questions raised by this model are discussed below.

Growth, division, and cell size

Execution of leaf cell division does not occur at an unvarying cell size, even within a given
region and developmental stage. Similar variability has been observed for cell divisions in api-
cal meristems [21,38]. Variability may reflect experimental errors in estimation of cell size, sto-

chasticity in the process of division, and/or mechanisms other than geometric size sensing that
influence division execution (e.g., factors such as vacuole size, which is not monitored in our
analysis). We model such variability by explicitly adding variation around a mean threshold
size needed for division, A. Controlling division execution by a threshold cell size (A) intro-
duces a cross-dependency belween growth and division, as cells need to grow Lo atlain the
local threshold size before they can divide. An alternative Lo using A would be Lo use a mean
cell cycle duration threshold. However, this would bring in an expected correlation between
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high growth rates and large cell sizes (for a given cell cycle duration, faster growing cells will
become larger before cycle completion), which is the opposile of the correlation observed.

Role of tissue layers in growth

In contrast lo the epidermal layer, intercellular spaces are observed in the subepidermis of
wild-type and spch from early stages. The spaces may originate, in part, from a reduction in
adhesion between subepidermal cells, allowing cell walls to become detached from each other.
In addition to reduced adhesion, a further requirement for intercellular spaces is that cells are
nol loo lightly packed againsl cach other. Packing may be reduced if subepidermal cells have
lower specified growth rates than the epidermis. Subepidermal cells could move away or be
pulled apart from each other, as epidermal growth creates more space than they can fill
through their own expansive growth. According to this view, the epidermis rather than the
subepidermis provides the expansive force driving planar growth, in conltrast lo what has been
described for other tissues, such as the stem [39]. A primary role for the epidermis in driving
planar growll is also consistent with the observed developmental effects of epidermal gene
activity [40]. However, it is possible that the subepidermis provides a restraint on growth,
which could account for the effect of subepidermal tissue on leaf shape in some chimeras [11].

Spatiotemporal control

Spaliolemporal control of growth and division in the model of speh is established through
combinatorial interactions between five factors: PGRAD, MID, LAM, LATE, and a mobile fac-
tor that allows proximal corridors with fixed distal limits Lo be eslablished (PMF). PMF is simi-
lar to the previously proposed mobile growth factor [11], except that the effect of PMF on
division does not have a consequential effect on growth. To account for the difference in distal
limits of the division corridor between cell layers, PMF action extends more distally in the sub-
cpidermis compared with the epidermis, either because the compelence threshold requirement
for PMF is lower in the subepidermal layer, or because PMF levels are higher. A candidate fac-
tor for coordinating proliferation between layers is the transcriptional coactivator ANGUSTI-
FOLIA3 [42,43]. Candidates for LAM are LEAFY PETIOLE [44] and members of the YABBY
gene family [415], which are expressed in the lamina and promote lateral outgrowth.

A fixed corridor for division has also been described for other systems such as the root,
where a division zone is maintiained at a distance of about 300-500 um from the quiescent
centre in Arabidopsis [46]. In contrast to the leaf, regions of highest growth rate in the root are
outside the cell division zone, providing further support for a dual control mechanism. The
spatial extent of the division zone in roots is maintained through auxin-cytokinin interactions
[47]. Auxin-cylokinin interactions also influence leaf growth and division: temporal arrest of
leaf growth depends on auxin-induced cytokinin breakdown [48]; increased cytokinin degra-
dation in leaf primordia can accelerate termination of cell proliferation [49]; and accumulation
of specific cylokinins may promote indeterminate leaf growth [50]. However, it is currently
unclear whether auxin, cytokinin, and/or other molecular players underlie PMF.

A limitation of our model is that it does not consider modulation of growth or division
near the leal margin, creating serrations [51,52]. Serrations have previously been modelled by
displacement of the leaf outline without modelling the tissue growth explicitly [52,53]. In
terms of the modelling framework described here, they may reflect alterations in polarity and/
or growth rates of lissue, and accounling for these behaviours would require the introduction
of additional factors into the model, as illustrated by generation of winglike outgrowths in bar-
ley lemma mutants [54].
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To account for the further proximal restriction of competence in the epidermis at early
stages, PGRAD limils divisions in the epidermis unlil the distal limil sel by PMF is reached.
PMF also interacts with MID in the epidermis, accounting for larger cells in the midline
region. T'he elongated shape of proximal midline cells is a result of early arrest of division com-
bined with low specified growth rates perpendicular to the proximodistal polarity.

Divisions in the wild-type epidermis are also influenced by SPCH. We show thal SPCH acts
autonomously in the epidermis to confer competence, and has little impact in the proximal
midline region, where ils aclivily has previously been shown Lo be low [55]. The aulonomous
effect of SPCH on division competence contrasts with its nonautonomous effects at later stages
of development, with regard to layer thickness and photosynthetic capacity [56]. This differ-
ence in autonomy may reflect primary and secondary consequences of SPCH activity. SPCH
also promoles asymmetric divisions and divisions al smaller cell sizes or shorter cell cycle
durations. The complex pattern of divisions in wild type epidermis observed here and else-
where [9] would thus reflect the combined effect of PMF, PGRAD, MID, and SPCIT, although
the molecular basis of these interactions remains to be established.

In agreemenl with [24], we observed that mean cell cycle duralion is relatively conslant for
wild type (about 20 h). However, cell cycle duration varies from 8 h to 50 h around the mean.
Some of this variation depends on whether SPCH is aclive: epidermal cells that do not show
high SPCH activity divide at a larger cell size and longer cell cycle duration. Moreover, the size
at which cells with active SPCII divide is not fixed but becomes progressively smaller with suc-
cessive divisions [23], indicating that cell cycle duration likely becomes shorter as well. Thus,
the spatiolemporal variation in cell cycle duralion may be the consequence of variation in
growth rates (for a given threshold division size, cell cycle duration depends on growth rate)
and/or direct control of cell cycle length.

Leaf size, cell size, and cell number

Most small-leal mutants have both fewer and smaller cells [34]. Such oulcomes can be gener-
ated with the model by reducing specified growth rates. The leaves end up smaller because of
the lower growth rate, cells are smaller because they grow less after divisions have arrested,
and there are fewer cells because they grow more slowly and thus take longer to reach A. Thus,
the observation that organ size, cell size, and cell number are commonly reduced together in
mutants is a natural outcome of the model.

Change in developmental timing through factor LATE also leads Lo changes in leaf size,
although this is mainly reflected in changes in cell number rather than cell size. This is because
changing LA'TE shifts both the onset of growth rate decline and the time of division arrest
(loss of division competence). Such variation in developmental timing could underlie mutants
that change organ size with little or no effect on cell size, such as kluh and big brother [57,58].

Loss of expression of D-type cyclins leads to premature termination of cell division and
fewer cells autonomously in cach layer, without a major change in leaf size [59,60]. Such fea-
tures can be captured by changing model parameters that are specific to cell division, such as
the value of A, in one or more layers (Fig 9D, 9E, 9K and 9L). This situation corresponds to
compensation [61-63], as change in cell number is counterbalanced by a change in cell area
(organ size is preserved). However, no dedicated mechanism for counterbalancing is needed,
as division is under separate spatiotemporal control from growth in our model.

Although execution of division does not have an immediate effect on growth rates in our
model, we explore the possibilily of feedback from division on growth at later developmental
stages. If growth slows down when cells approach an upper size limit, then cell division could
postpone the slowing down of growth by reducing cell size. Such a mechanism would lead to
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cell division extending the duration of growth, thus increasing leaf size. Mature leaves display
an array of final cell sizes that correlale wilh levels of endoreduplication [64,65], suggesling
that as cells approach a size limit, endocycles are induced that allow them to surpass the limit.
If endoreduplication is impaired, these cell size limits may not be so easily overcome, leading
to smaller leaves with smaller cells [66,67]. However, the extent to which endoreduplication is
limited in wild type and thus may constrain {inal cell size and growth is unclear. Through
modelling, we show that it is possible to account for the data with or without feedback from
cell size on growth.

If endocycles are promoted as cells enlarge, then promoting division (e.g., by reducing A)
should lead to lower levels of endoreduplication (as cells will be smaller). T'his prediction is in
accord with the effect of overexpressing D-type cyclins, which leads to smaller cells with lower
levels of endoreduplication [68]. Conversely, inhibiling cell division (¢.g., by increasing A)
should give larger cells and higher levels of endoreduplication, as observed with cycd3 mutants
[7]. llowever, if both division and the ability to endoreduplicate are impaired, cell size may
eventually feedback to inhibit growth rate, giving smaller leaves and perhaps accounting for
the phenotype of ant mutants, which have smaller organs with larger cells that do not endore-
duplicate more than wild type [7,69].

A further application of the model is Lo explore the effects of different environments on leal
growth and division. As an illustration, we compared leaves of spch mutants grown in a bio-
imaging chamber (in which nutrients were continually circulated around the leaves) with
those grown on agar plates (in which growth rate is greatly reduced). Cell divisions arrested
when leaves were al a smaller size in Lhe slow-growing condilions, as predicled by the model
in which division arrest depends on a timing mechanism (LATE). However, the growth and
cells sizes observed suggests that the timing mechanisms are not based on external time but
passage of physiological time, which may also be affected by altered growth conditions.

‘I'he model presented here identifies core components of growth and division that may be
regulated and interact to generate the spatiotemporal patterns observed. Further integrative
studies on growth and division at the subcellular, cellular, and tissue level in different geno-
types and environments should help provide a deeper understanding of the mechanisms by
which regulatory factors are established and control these core components.

Materials and methods
Plant material and growth conditions

For tracking growth of the speechless mutant, we used the previously published Arabidopsis
line, spch-1, containing a fluorescently labelled plasma membrane marker [70]. To more pre-
ciscly determine division exccution times, we crossed the spch mutant to an Arabidopsis line
containing fluorescently labelled nuclei, /ITA11-GFP [71], and PIN3:PIN3-GFP [72], which
labels plasma membranes in the epidermal layer only. For tracking growth in the wild-type
background and to distinguish cells in the stomatal lincage, we used the previously published
Arabidopsis line containing pSPCIT:SPCII-GFP and PIN3:PIN3-GFEP [23]. For measuring leaf
widths in the fama mutant we used the previously published line fama-1 (Ohashi-Ito and Berg-
mann, 2006).

Seeds were surface sterilised with 70% ethanol containing 0.05% Sodium Dodecyl Sulfate
(SDS) for 10 min and then rinsed with 100% ethanol. Sterilised seeds were sown on petri
dishes containing 25 mL of MS growth media {1x Murashige and Skoog salt mixture, 1% (w/
v) sucrose, 100 mg/mL inositol, 1 mg/mL thiamine, 0.5 mg/mL pyridoxin, 0.5 mg/mL nico-
tinic acid, 0.5 mg/mL MES, 0.8% (w/v) agar, pl1 5.7} and kept at 4 °C in the dark for 72 h
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(stratification). Plates were then transferred to a controlled environment room (CER) at 20 °C
in long-day condilions (16-h light/8-h dark cycles) for 5-8 d.

Time-lapse imaging

AL 5-8 d after stratification, seedlings were transferred under sterile conditions into an auto-
claved optical live-imaging chamber [16,73] and continuously supplied with 1/4 strength MS
liquid growth medium, including sucrose to support growth. Time-lapse imaging was carried
out at regular intervals using a Leica SP5 Confocal microscope, a Zeiss LSM 5 EXCITER con-
focal microscope, or a Zeiss LSM 780 confocal microscope. For experiments imaged with a
high temporal resolution (intervals of 1-2 h), the chamber remained mounted on the micro-
scope stage for the duration of the experiment, with room temperature and photoperiod set to
be similar to that of the CER in which seedlings were germinated. For experiments with a lon-
ger interval between imaging (12-24 h), the chamber was returned to the CER between confo-
cal imaging. Experiments were carried oul on leaf 1 within the range of 0.15-2.75 mm width.
Seedlings were positioned in the chamber such that the abaxial epidermis of the leaf was ori-
ented approximately parallel and adjacent to the coverslip, although it curved away Lo some
extent at the leaf margins. This curvature affected the leaf outline produced when projected
images were made from confocal image stacks. Leaf outlines (indicated by dotted lines in Fig
1, Fig 2, Fig 6, Fig 7, Fig 9, S2 Fig, 3 Fig, 54 Fig, S6 Fig, and S9 Fig) reflect projections onto the
imaging planc rather than being corrected for curvature and thus convey a shape that appears
narrower than the actual leaf outline. Some regions could not be tracked because of occlusion
by overlapping leaves (at early developmental stages) or because movement in the z-dimension
caused parts of the leaf to go out of focus. Thus, some cell lineages could not be traced all the
way back to the initial time point. Images are available from https://figshare.com/s/
b14c8e6cb1fc5135dd87.

Image processing

To facilitate cell tracking, confocal image stacks were converted into 2D projections using
cither Volviewer [74] (http://cmpdartsvr3.cmp.uea.ac.uk/wiki/BanghamLab/index.php/
VolViewer) or Fiji [75]. For early stages, when the leaf could be captured in a single scan, Vol-
Viewer was used to create a projection of the leaf surface. At later stages, when leaves were
larger, multiple overlapping tiled scans were required to capture the entire leaf. In such cases,
Fiji was used to create multiple 2D projections, which were merged together using Photoshop
Lo creale a single composile image. Leal width was measured in 3D, when possible, using Vol-
Viewer. For later stages, leaf width was measured in 2D from merged projections using Fiji.
Projections of the subepidermal layer were created in VolViewer using the ‘Depth-Peal Shader’
lighting editor. Several projections were created for each z-stack (using different parameters to
reveal as many cells as possible in approximately the middle of the cell layer) and merged
together using Photoshop to create a composite image.

Tracking growth and divisions

Projected confocal images were used to calculate growth rates and cell areas and monitor cell
division dynamics in 2D by placing points around the vertices of individual cells using Point-
Tracker, as described in [16]. A toolset (I'rack ‘n’ R) was created for Image] (https://imagej.
nih.gov/ij/) to facilitate access to Image] macros and offer improved visualisation of Point-
Tracker data using R [76]. Track ‘n’ R was used (o creale leaf outlines, visualise the zone of cell
division, and analyse cell lineages and to display cell cycle duration, cell area at division execu-
tion, and growth rates (source code and detailed instructions for I'rack’'n’R and PointI'racker
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have been deposited at https://github.com/fpantin/Track-n-R and https:/figshare.com/s/
b14c8e6cb1fc5135dd87 respectively).

Graphical outputs from Track ‘n’ R were reoriented so that the leaf tip pointed upwards.
Cellular growth rates over a time interval t1-t2 were calculated according to In(A,—A,)/(12
—t1), where A, is cell area at t1 and A, is cell area at (2. If a cell divided in this interval, A,
was the arca of the clone il gave rise Lo al lime (2.

For each tracking experiment, the first row of nondividing cells was identified in the first
time point and coloured orange by hand using Pholoshop. These cells were identified in cach
subsequent image and also coloured orange (Fig 1A and S3 Fig and $4 Fig). The approximate
location of the petiole-lamina boundary was identified based on the shape of the leaf outline in
the last image available for each dataset. A cell was identified in the midline of this image, in
line with the base of the leaf lamina. This cell was then Lraced back Lo through cach image Lo its
earliest ancestor in the first time point, thus identifying the location of the petiole-lamina
boundary even when the leaf shape was less developed. Cells were identified as part of the mid-
line region based on appearance (shape and location} in the last image of each tracking experi-
menl. The lineage of these cells were traced back Lo the beginning of the experiment (S2 Fig).
Cells that did not form part of the midline region were classed as lamina cells.

Analysis of cell size using 3D segmentation

For 3D segmentation and volume measurements, confocal image stacks were processed using
Python scripls, as described [17], with additional scripts added to measure the external sur-
faces of epidermal cells in 3D and the corresponding 2D projections (source code and detailed
instructions have been deposited al hitps:/figshare.com/s/bl4c8c6cb1{c5135dd87). Fiji mac-
ros [75] using the 3D Viewer and Point Picker plugins were used to visualise images and select
cells during manual quality control.

For the epidermis, plotting projected segmentation-based area against vertex-based area
gave a good linear (it (R* = 0.87) with a gradient of about 1, showing that vertex-based cell arca
is a good proxy for projected cell area (SSA Fig). Areas extracted from the cell surface plotted
against vertex-based cell area also gave a good linear fit (R?=0.77) witha gradient of about 1.2
(S5B Fig). The higher value for the gradient likely reflects curvature of the cell surface and the
leaf, both of which increase area compared to projected values. Nevertheless, segmented sur-
face area remains linearly related to vertex-based area. Plotting cell volume against segmenta-
tion-based cell surface arca gave a lincar fit, with R* = 0.91 and a gradient suggesling an
approximately constant cell thickness of about 9 um (S5C Fig). Variation in cell thickness is
displayed by plotting cell volume divided by surface area as a heat map. Although a slight
increase in cell thickness was observed in the proximal midline (about 15 pum), cell thickness
showed relatively little spatial variation for much of the lamina (S5D Fig), compared with the
major conlribution to cell size variation derives from cell arca rather than cell thickness. These
results are also consistent with fixed leaf sections shown in [10], which have epidermal cells in
the range of 8-15 um thick (measured according to the scale in the published images).

For the subepidermal cell layer, fewer cells could be segmented in 3D because the bases of
the cells were too deep within the tissue Lo be captured clearly by confocal imaging. However,
around 13 cells could be segmented and plotting projected segmentation-based area against
vertex-based cell area gave a good linear fit (R* = 0.98) with a gradient of about 1 (S11A Fig).
Plotling the volume of these cells against projected segmentation-based cell areas showed that
they had similar thickness to epidermal cells of the same area, excepl for cells in the proximal
midline region, where subepidermal cells have a greater volume because of increased thickness
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(S11B and S11C Fig). These results are also consistent with fixed leaf sections shown in [10],
which have subepidermal cells in the range of 9-14 pm thick.

Analysis of cell shape complexity

To quantify cell shape complexity, we employed Lobe-Contribution Elliptic Fourier Analysis
(LOCO-EFA), a method to decompose the outline of each cell into a list of biologically mean-
ingful descriptors [77]. The LOCO-EFA decomposition was used Lo estimale a measure of cell
shape complexity, coined the ‘cumulative difference’ (CD), which is the integral over all
LOCO-EFA modes larger than 2 of the mismatch (Exclusive OR or XOR) between the original
and reconstituted shape, yielding a scalar value representing the degree of shape complexity of
each cell [77]. We used this measure normalised to cell area; hence, a small or large cell with
the same shape will yield the same cell complexity measure (CD). ILranged from zero (low
complexily, which describes perfectly circular or elongated cells) to higher values, as more
LOCO-EFA harmonics are required to accurately describe the shape. The computer code was
written in C and is available on a remote repository (Git repository), which is publicly available
on Bitbucket (https://bitbucket.org/mareelab/LOCO_EFA).

Analysis of spch expression

The expression patlern of pSPCH:SPCH-GI'P was analysed from time-lapse images (o distin-
guish cells in the stomatal lineages from non-stomatal lineages. For each cell division, the dura-
tion of SPCIT expression was determined from the time when SPCIT first became visible in the
nucleus of the mother cell to when it could no longer be seen in each daughter cell. S1 Video
shows an example of cell division in the slomatal lincage. S2 Video shows an example cell divi-
sion in a non-stomatal lineage.

Analysis of subepidermal cells in wild type

'I'o facilitate imaging of the subepidermal cell layer in wild-type leaves, seedlings grown on
plates were stained by the modified pseudo-Schiff propidium iodide (mPS-PI) method, as pre-
viously described [78]. After approximaltely 1 wk (for the mounling solution Lo sel), leaf pri-
mordia were imaged using a Leica SP5 Confocal microscope. Projections of the subepidermal
layer were created in VolViewer using the ‘Depth-Peal Shader’ lighting editor, as described
above for spch in “Image processing”.

Modelling leaf growth

All models and GFT-box software used for modelling can be downloaded from http://
cmpdartsvr3.cmp.uea.ac.uk/wiki/BanghamLab/index.php/Software.

Models are also downloadable from https://figshare.com/s/b14c8e6cb1fc5135dd87. To
implement an integrated model of division and growth, we built on a previously published tis-
sue-level model for wild-type leaf growth at early stages of development [16]. This model has
two interconnected networks: the Polarity Regulatory Network specifies tissue polarity and
hence specified orientations of growth, and the Growth Regulatory Network (KRN) deter-
mines how factors influence specified growth rates. Specified growth orientations are estab-
lished in relation to a polarity field, determined by the local gradient of a factor determining
polarity field (POL) that propagates through the tissue, termed the canvas. The resultant
growth and shape depend on the specified growth rates parallel (K, and perpendicular
(Kper) Lo the polarity, and the mechanical constraints arising from the connectedness of the
tissue.
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In the equations, factors are denoted by i subscripted with the factor name. For instance,
the factor PGRAD is described by iy in the equalions. Faclors may promole growth rates
through the linear function pro, defined as follows:

pro{p. i) = 1—p/y

where izis a factor, F, and pyis a promotion coefficient for thal factor. Faclors may inhibil
growth through the function inh, defined as follows:

inh(hy, i) = 1/(1+ ki)

where hyis a inhibition coefficient for factor F. All multiplications and divisions are
elementwise.

‘T'he previously proposed tissue-level growth model [16] was based on tracking only a subset
of cell vertices and therefore had a lower cellular resolution than the data presented in this
paper. Based on the higher resolution the cell fate map of the midline region of wild type and
spch (82 Fig), we widened the initial MID domain (S15 Fig) so that it gave a better match to
the cellular data. Running the model with this change produced a narrower leaf, as MID inhib-
its K, To compensate for this effect and to account for the regions with high growth rate per-
pendicular to the midline (Fig 1D and S1B Fig), we promoled K., with PMF.

§15 Fig—Model setup

The initial starting canvas for all models consists of 3,000 finite elements, which are not subdi-
vided during the simulations, and model time is aligned with days after initiation (DAI),
which is defined based on growth curves of leaf width [16]. T'o give finer resolution, times are
given in hours (hours after initiation [ITAI]). A list of growth parameter values is given in
Table 1.

Specified growth rates are modulated by a set of overlapping regional factors, PGRAD,
MID, and LAM, the concentrations of which are fixed to the canvas and deform with it during
growth (S15A Fig). PGRAD declines distally and accounts for the proximodistal variation in
growth rale parallel Lo the polarity. LAM is expressed highest in the presumplive lamina and at

lower levels in the distal regions that will form the petiole. LAM promotes growth

Table 1. Model parameters.

Parameter Description Value
Polarity parameters

Dpoi maximum POL levels 0.1

ol POL decay rate 01h"!
Growth parameters

byt minimum levels of PGRAD 0.195

Linte increase in LATE over time 0.0048 h !
Ppgrad Kpar promotion by PGRAD 0.041h"
Plarn K[,,,, promotion by LAM 0.0235h!
Piase K,.r promotion by LATE 07

Piae K, inhibition by LATE 22

Bomia Kyer inhibition by MID 1.0

Homs PMF decay rate 03h!
o Diffusion rate of PMF 0.01

Ppmf K promotion by PMF 0.9

https://doi.org/10.1371/joumnal pbio 2005952 1001
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perpendicular to polarity. MID is expressed in the midline region, as shown in SI5A Fig, and
inhibits growth perpendicular Lo the polarily. The maximum value of these faclors is 1. Speci-
fied growth rates are also modulated by diffusible factor PMF, which is fixed to a value of 1 at
the approximate position of the lamina-petiole boundary and allowed to diffuse through
growth with a diffusion rate of d,,,sand a decay rate of s giving the distribution shown in
S15 Fig.

A temporally varying factor, LATE, is activated throughout the canvas to decrease growth
al later stages. The value of LATE is inilially 0 bul rises lincarly with time afler 149 h:

) 0 if £ <148h
“1 gue(t —148h)  if£>148h

where g defines the increase of LATE with time. LA'TE inhibits specified growth rates with
an inhibition coefficient of /.

Polarity regulatory network

Polarity is established using factor PROXORG, which is set to 1 at the base of the canvas and 0
elsewhere (S15A Fig). The value of POL is fixed at a value of b, where PROXORG is greater
than zero. POL diffuses throughout the canvas with a diffusion rate of D,,; and a decay rate

of . POL distribution is allowed to establish during the setup phase for 20 time steps before
the commencement of growth. Polarity is initially proximodistal and then deforms with the
canvas as il grows Lo its final shape.

Fig 8E and 8F—spch subepidermis model

This is a model for spch subepidermis during early stages of development.
KRN. Specified growth rales parallel to the polarily field K, are defined as follows:

Ko = Prgaat ngnmj”h (Piatos Tiase)

where pye.qq is the promotion of growth by PGRAD.
Specified growth perpendicular Lo the polarity field K., is defined as:

Koer™ Dy PO (P )
by, i)
,[7?‘0 (Ppngf 3 ipl'[lfk)

where py,, is the promotion of growth by LAM. The value of PMFTK is set Lo the value of
PMF except where the value of PMF > 0.295, in which case the value PMFTK is capped at
0.295. 'I'he canvas grows for the period 87 h < [ < 178 h.

v-Cells

To incorporate cell divisions within our tissue-level model, we superimposed polygons on the
initial canvas to represent cells (S15A Fig, right). The sizes and geometries of these v-cells are
based on cells observed at corresponding stages in confocal images of leaf primordia [16]. The
vertices of the v-cells are anchored to the canvas and displaced with it during growth. New ver-
tices are introduced as v-cells divide, according to the shortest wall passing through the centre
of the v-cell [29]. Calling this the nominal new wall, the actual new wall is chosen Lo be parallel
to this, through a point that is randomly displaced from the midpoint of the nominal new wall.
‘The displacement is a vector chosen uniformly at random from a disc centred on the
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midpoint. The radius of this disc is .25 times the length of the nominal new wall. The length
of the new wall is shorlened slightly Lo give more realislic wall angles [79].

Cell divisions are determined through controlling competence and A.

Competence. Competence was determined by factor CDIV. v-cells can only divide if
CDIV > 0. Factor CDIV was set to a value of 1 in the zone in which v-cells are competent to
divide. The value of CDIV was sel Lo 1 where the value of PMF > 0.184, which corresponds Lo
the value of PMF at about 400 um? from the petiole-lamina boundary. v-cells within the CDIV
zone divide when they reach an area threshold, while v-cells outside the CDIV-expressing
zone do not divide, regardless of their size. CDIV is turned off throughout the canvas when
LA'TE reaches a threshold value of 0.1680 at 183 h.

Control of A. At cell birth, the cell is assigned a target area, A, equal to the mean target
arca A plus a random varialion with standard deviation ¢ = 0.24, in accordance with observed
values of o (Fig 2F). Before 114 h, we assume A = A,;,. After 114 h in the lamina, A ranges
from 150 pm? to 300 pm? according to the value of PMF. For PMF values above PMF,,,,,, A
remains at A ;. As the value of PMF falls below PMF,,,,., A rises linearly to A, according to
the formula:

A Ay t<114h
A,(l—0)+A,a t2114h
where

(PME,.. i)
(PMF,,. — PMF,,,)

‘max
In the midline region,

A A t<1ldh
15 Ay i £2114h

In the Fig 8E and 8F—spch subepidermis model, PMF,;,, = 0.51, PMFE,yi, = 0.184, A,y =
150 pm?, A yar = 300 pm?, and A,,;; = 500 um?.

Intercellular spaces. For the subepidermal model, formation of intercellular spaces was
simulated by replacing a random selection of cell verlices with small emply equilateral triangles
(with an initial area of 2 pm?). The number of initial intercellular spaces and the rate of addi-
tional spaces were calculated using the ratio of cells to intercellular spaces, in accordance with
the experimental data. This resulted in 30 intercellular spaces being introduced at 120 h, and
further replacements were made at a rate of 11 h *. 'I'he vertices of the intercellular spaces
moved away from their centres at a rate of 1.25% of their length h ™', equivalent to an areal
growth rate 0f2.5% h™'.

Fig 8G and 8H—spch epidermis model

This is a model for spch epidermis during early stages of development.

KRN. Specified growth rales parallel to the polarily field, K, and perpendicular to the
polarily field, Kj,.,» were defined as in “Fig 8E and 8F—spch subepidermis model”.

‘The canvas grew for the period 87 h < { < 178 h.

v-Cells. v-cells were implemented as in “Fig 8E and 8F—spch subepidermis model,” but
with the following modifications:

CDIV was set to 1 when the value of PMF > PMF,,;,, = 0.295 (compared with PMF,;, =
0.184 for the subepidermis model), which shifts the distal boundary from about 400 pm to
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about 300 um from the petiole-lamina boundary. Additionally, in order to model the initial
restriction of cell division Lo proximal regions, CDIV was also sel o 0 where PGRAD < 0.628.

A in the lamina was set using the same equation as the Fig 8E and 8F—spch subepidermis
model (but with PMF,,,;,, = 0.295, as described in the previous paragraph). In the midline
region, A was set to a constant value A ;4= 500 pm2 and did not vary with PGRAD as in “Fig
8E and 8F—spch subepidermis model.”

A y
A, t=114h

) {A t<1l4h

Cells in the midline stopped dividing earlier than in the Fig 8E and 8F—spch subepidermis
model and this was achieved in this model by reducing the LATE threshold in the midline to
0.0768 (compared with 0.1680).

Fig 9B—Later stage mature spch epidermis model

"I'his model extends the Fig 8G and 811—spch epidermis model to later stages of development.

A new factor, EARLYGROWTIH, was introduced in the model setup and set to a value of 1
throughout the canvas. After 189 h, EARLYGROWTH decreases linearly by a value of 0.0417
h ™" until it reaches a minimum value of 0.

. 1 ifr <189k
i | 0.0417 (1 180) il (> 180k

carlygrowti

To arrest growth, we modified factor LATE Lo increase exponentially after 189 h:

0 ift <148h
i { Quelt —148h) 189 h> (> 148k
Ad ft>180h

where A = gy (189-148) ¢ * 1*° and B = 1/ (189-148). This ensures iy, evaluates (o g, (£
148) at 189 h.

KRN. Changes relative to the Fig 8G and 8I1—spch epidermis model are shown
underlined.

Specified growth rate parallel to the polarity field K, was modified with an additional term
that led Lo inhibition after EARLYGROWTH slarts Lo decline (at 189 h), as follows:

Koir = Doyt pra-ih (., i) inh(0.24, .. (1 — R

Specified growth perpendicular Lo the polarity ficld K., was modified with additional
terms that led to loss of promotion by LATE and inhibition after EARLYGROW'TH starts to
decline (al 189 h), as follows:

Koor = Puomiam
RIS )
LTy s F i)

PrO(Proges Tl —

.inh(?.&, ilme'(1 == iA’ari)'g'nwu-m))
‘T'he canvas grows for the period 87 h < { <412 h.
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v-Cells. v-cells were defined as in “Fig 8G and 8I1—spch epidermis model”.

Fig 9C—Later stage spch limit-free epidermis model
This model inhibits distal growth during laler stages in order to reduce the size of distal cells.
It does this by using the existing factors PGRAD and LAM.

KRN. Changes relative to the Fig 8G and 811—spch epidermis model are shown under-
lined. Specified growth rates parallel to the polarity field K,,,, were modified by introducing
inhibilory factors that increase distally. As both PGRAD and LAM values decrease distally
from a maximum of 1, by subtracting their values from 1, we obtain factors that increase dis-
tally. These dislally increasing factors inhibiled growth as EARLYGROWTH decreased. As
this introduces extra growth inhibition, this was compensated for by also inhibiting growth
inhibition by LATE as EARLYGROW'T'11 decreased:

K, =T

D i R
\par ‘P! perd

dinh(hy,, iy inh(1.5, (1

— Lusigonte))

Anh(2, (1 = i) (1 =i
inh(4,(1

bR

Ipgrad) (1 dvartgronn))

Specified growth perpendicular to the polarity field K, was modulated in a similar way as
Kpar described above:

Kf,v‘! = Pmmi faiit
Ainh(hmsd- iuia)
Pro(Poyys i Imgflk)
PrO(Pyes Tl
Anh(1.2, (1 —

Iygrowih )

awipponth))

(4, (1 — ) (1 —

o))

The canvas grows for the period 87 h < t <412 h.
v-Cells. v-cells were implemented as in the Fig 8G and 8l —spch epidermis model.

Fig 9]—Later stage spch limiting cell size epidermis model

In this model, cell size can affect growth. This is an alternative way to limit the size of distal
cells without having to use the factors PGRAD and LAM, as in the Fig 9C—Later slage spch
limit-free epidermis model.

KRN. Specified growth rates were defined as in the Fig 98— Later stage mature spch epi-
dermis model, but with a v-cell size feedback on growth affecting K., and K. When cell
area, ca, exceeds a threshold size a;, specified growth rales (Kpar and Kper) start Lo be reduced
by w in proportion to cell area until cell size reaches a5, after which specified growth rates are
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set to zero.

B = @Ppgmdiwud'i”h(hi.uw ) -i1h(0.24, 1 (1 —

eariygrowih ))

K.,=0

Pranelam
bRy )
.pm( pp,"), N ,,m!zk)
,pr()(P iate? i late® i carivgrowti )
Anh(2.8, - (L — i

carygrown))

where

a,—ca
©w=——
a, a

In the lamina region, a; = 1,000 },ln12 and a, = 8,000 pm2, while in the midline region, a; =
18,000 um? and a; = 20,000 um?.
All other v-cell properlics were as in “Fig 9B—Laler slage mature spch epidermis model.”

Fig 9D and 9E and 9K-9L—Cell division threshold mutant models

Cell division threshold models were developed for the Fig 9C—later stage spch limit-free epi-
dermis model and Fig 9]—later stage spch limiting cell size epidermis model. Each of the cell
division models was identical to its parent model, but the cell target area for division, A, was

increased by a constant a’ for t > 114 h.

A (4,0

'

0) b A ) L

In Fig 9D and 9K, a’= 85 um?, while in Fig 9E and 9L, a'= -85 um”.

Fig 9F and 9G and 9M-9N—Growth rate mutant models

Growth rate mutant models were developed for the Fig 9C—later stage spch limit-free epider-
mis model and the Fig 9]—Ilater stage spch limiting cell size epidermis model. Each of the
growth rale mulant models was identical Lo its parenl model, but Ky and K, were globally
scaled by a factor k' In Fig 9F and 9M, k' = 0.95, while in Fig 9G and 9N, k'= 1.05.

For the Fig 9C—Ilater stage spch limit-free epidermis model:

Koy =K
Pygras ji'swl
inh (R, b inh(1.5, (1 imyw‘\wﬂ,))
Anh(2, (L = in)-(1 = fgronin)
k4, (1 = ipgrag)- (1 = Lagronnn))
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K K

per — ==

Piawmiam

inh(Bg, 1)

Pro (pl‘"!f ’ ip:l!ﬂk)

S LCICE P Bw—

Linh(1.2, 0, (1 — L))
Jnh(d, (L = i) - (L = fsariggronss))

For the Fig 9]—laler stage spch limiting cell size epidermis model:

Ky — K0Py gipia ity i) 01 (024, 0 (1~ Toyronan))
K. kK
(0]
52

pro(P, pmf 1 ipmfrk)
Pro(Lg, ol cariygrowth )

nh(2.8, 0, (1 — 1

pm—)

Changes to models relative to those used to generate Fig 9C and Fig 9] are shown
underlined.

Fig 9H, 91, 90 and 9P—LATE mutant models

Models were developed for the Fig 9C—laler stage spck limil-free epidermis model and Fig 9]
—later stage spch limiting cell size epidermis model. Each of the LATE mutant models was
identical to its parent model, but the activation of LATE and EARLYGROW'TI was shifted by
a constant number of hours, '. In Fig 9H and 90, t'= —6 h, while in Fig 91 and 9P, t'= 6 h.

0 if L <148 h |t
i S et — 148 ht)) if 189 b+t >t > 148h+t
Ae¥ if t > 189 h—t'

where A — giure (18911 — 148+L). € " and B - 1/ (189+(' - 148+1).

. 1 i< 189 b1
l‘?)\' wiit . 5
) — 0.0417 (¢ — 189) if ¢ > 189 hot'

earigrowth

Changes to models relative to those used to generate Fig 9C and Fig 9] are shown
underlined.

Fig 10—Later stage mature spch epidermis model

In the above models, £ refers Lo actual lime. We modified the late stage spch epidermis model
(as used for Fig 9B) by setting physiological time to be a constant fraction (physiological ratio)
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of duration since the start of the simulation (when ¢ = 87 h). Key transitions and growth rates
were then set in relation (o physiological lime. Parameters describing physical processes such
as diffusion were left unchanged. For the model for spch grown on plates, the physiological
ratio was 0.55. [n addition, the growth rates were globally scaled by a factor k"= 0.6 I'he net
result of these two changes is that growth in actual time is slowed to 0.33 of normal. If this
overall growth rale was malched purely by changing physiological lime, the leaf on the plate
would end up larger than observed at maturity. Conversely, if the growth rate was matched
purely through changes in &', the leal would end up much smaller than observed for spch on
plates at maturity. Thus, changes in both physiological time and k’are needed to match the
observed growth curve.

§14C Fig—spch in chamber tuned to lower growth rate at later stages

The only change in relation to the late stage spch epidermis model (as used for Fig 9B) was that
the physiological ratio (as defined above) was set to 0.75.

Supporting information

S1 Fig. Scatterplots of growth rates parallel and perpendicular to the midline in the spch
epidermis. From the lime-lapse imaging experiment shown in Fig 1. (A) Growth rates parallel
to the midline (Kygg1ine) versus distance from the petiole-lamina boundary. (B) Growth rates
perpendicular to the midline(Kpe,aidine) versus distance from the centre of the midline. Data
points are colour coded according to tracking interval (inset). Source data are available from
https://figshare.com/s/b14c8e6cb1fc5135dd87.

(TIF)

§2 Fig. Assignment of the midline and lamina regions. From the time-lapse imaging experi-
ment shown in Fig 1. Lineages were traced from cells visible at the beginning of the experiment
(0 h, left) through Lo the end (74 h, right) and were assigned an arbilrary colour, ensuring
neighbours were coloured differently. Cells in the midline (within the black outline) were
identified using the position and shape of clones (cells of the same lineage) in the final image,
as was the approximate position of the distal end of the midline (dark grey). Cells outside the
midline region were classified as being in the Jamina. Scale bar = 100 pum.

(TIF)

$3 Fig. Dynamics of cell division and growth in the spch epidermis, additional dataset.
Time-lapse imaging of a spch leaf at approximately 24-h intervals over 4 d (0-96 h, last time
point in series nol shown). Data shown on the first time point (underlined) for cach Lracking
interval. Leaf widths for first time point (left to right) are 0.17, 0.27, 0.39, and 0.50 mm. (A)
Cells amenable to tracking that were competent to divide (green) and either executed division
during the interval (light green) or divided in a later interval (dark green). Cells that did not
divide (black, first row in 0-25 h are coloured orange throughout). (B-D) Cellular growth
rates (heat maps) for each tracking interval. Black line refers to orange cells in (A). (B) Areal
growth rates. (C) Growth rates parallel to the midline (proximodistal). (D) Growth rates per-
pendicular to the midline (mediolateral). (E) Cell areas for the first time point of the interval.
Leaf oultline indicaled by dotled black line. The petiole-lamina boundary was defined as
described in Fig 1. Grey boxes are aligned to the petiole-lamina boundary and extend to 150 or
300 pm. Black arrows indicate distal boundary of the zone of division. Scale bar = 100 ym.
Source data are available from https:/figshare.com/s/b14c8e6cb1fc5135dd87. spch, speechless.
(1'1F)
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$4 Fig. Dynamics of cell division and growth in the spch epidermis, additional dataset.
Time-lapse imaging of a spch leafl al approximalely 24-h intervals over 5 d (0-118 h, last time
point in series not shown). Data shown on first time point (underlined) for each tracking
interval. Leaf widths for the first time point (left to right) are 0.23, 0.34, 018, 0.67, and 0.87
mm. (A) Cells amenable to tracking that were competent to divide (green) and either executed
division during the interval (light green) or divided in a later interval (dark green). Cells that
did not divide (black, first row in 0-23 h are coloured orange throughout). (B-D) Cellular
growth rales (heat maps) for cach tracking interval. Black line refers Lo orange cells in (A). (B)
Areal growth rates. (C) Growth rates parallel to the midline (proximodistal). (D) Growth rates
perpendicular to the midline (mediolateral). (E) Cell areas for the first time point of the inter-
val. Leaf outline indicated by dotted black line. The petiole-lamina boundary was defined as
described in Fig 1. Grey boxes are aligned Lo the petiole-lamina boundary and extend (o 150 or
300 gm. Black arrows indicate distal boundary of the zone of division. Scale bar = 100 ym.
Source data are available from https:/figshare.com/s/b14c8e6cb1fc5135dd87. spch, speechless.
(TIF)

S5 Fig. Analysis of epidermal cell size using 3D segmentation. (A,B) Data from a sample of
cells in the tracking experiment shown in S3 Fig, 96 h. (A) Segmentation-based projected cell
arca versus verlex-based cell area (R2 =0.87, slope = 1.03, intercepl = 125, standard deviation
along y-axis = 72). (B) Segmentation-based cell surface area versus vertex-based cell area (R?=
0.77, slope = 1.2, inlercepl = 145, standard deviation along y-axis = 115). (C-F) Dala from a
sample of cells in tracking experiment shown in Fig 1E, 58 h. (C) Cell volume versus segmenta-
tion-based cell surface area (R* = 0.91, slope = 8.93). (D) Cell volume divided by cell surface
area (cell thickness). (E) Segmentation-based cell surface area. (F) Cell volume. Scale bar = 100
pm. For each heal map, the upper limil of the colour scale was set Lo 20-fold that of the lower
limit. Source data are available from https://figshare.com/s/b14c8e6cb1fc5135dd87.

(I'lF)

S6 Fig. Cellular areal growth rates of dividing and nondividing cells in the spch epidermis.
Time-lapse imaging of a spch leaf shown in Fig 1. (A) Panel repeated from Fig 1A, for ease of
comparison. Cells amenable to tracking that were competent to divide (green) and either exe-
cuted division during the interval (light green) or divided in a later interval (dark green). Cells
that did not divide (black, first row in 0-14 h are coloured orange throughout). For the last
interval (74-100 h), cell divisions could only be tracked for a subset of cells because of missing
data in the 100-h time point. (B-C) Cellular growth rates (heal maps) shown in Fig 1B, sepa-
rated to show (B) areal growth rates of nondividing cells, coloured black in (A). (C) Areal
growth rates of dividing cells, coloured green in (A). Leaf outline indicated by dotted black
line. The petiole-lamina boundary was defined by selecting a cell from a later stage of develop-
ment, where the lamina narrows, and then tracing its lincage back to all stages. Grey boxes are
aligned to the petiole-lamina boundary and extend to 150 or 300 gm. Black arrows indicate
distal boundary of the zone of division competence. Scale bar = 100 um. spch, speechless.

(TIE)

§7 Fig. Cell division dynamics of the epidermis at high temporal resolution. Cells amenable
to tracking from the time-lapse imaging experiment shown in Fig 2; data visualised over 24-h
intervals, shown on the first image of the inlerval (underlined). (A) Cell cycle duration (heat
map) for cells that were observed to complete a full cell cycle during the course of the experi-
ment. Cells that did not divide or did not complete a full cell cycle are coloured black. (B) Cells
that were competent to divide (green) and either executed division during the interval (light
green) or divided in a later interval (dark green). Cells that did not divide (black). Leaf outline
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indicated by dotted black line. The petiole-lamina boundary was defined as described in Fig 1.
Grey boxes are aligned Lo the petiole-lamina boundary and extend Lo 150 or 300 gm. Scale

bar = 100 pm.

(I1F)

S8 Fig. Subepidermal cells in wild-type leaves. (A) Projections of the subepidermal layer of
four individual wild-type leaves, fixed and stained at developmental stages, similar to those of
the tracked spch leaf in Fig 5. Leaf widths (left to right) are 0.14, 0.28, .40, and 0.53 mm. A
patch of cells was coloured red and used Lo look in further detail. (B) Enlargement of the patch
of cells in (A} (red outline). (C) Cells outlined in (B), showing spacing of individual cells (filled
pink, outlined red). (D) Epidermal cells adjacent to the subepidermal patch (subepidermal
cells filled and outlined red). (E) Epidermal cells without subepidermal patch outlined. Scale
bars = 50 um. Source data are available from https:/figshare.com/s/b14c8e6cb1fc5135dd87.
spch, speechless.

(TIF)

§9 Fig. Comparison of epidermal and subepidermal cell areal growth rates. A group of cells
from the time-lapse imaging experiment shown in Fig 5, subepidermis (cells highlighted red),
and adjacent epidermis (dynamics of the epidermis shown in full in S3 Fig). Average cell arcal
growth rates for each tracking interval are shown on the first image of each interval (time
point underlined). (A) Epidermis, (B) subepidermis. ‘The patch of cells is also shown enlarged
for comparison. (C) Epidermis. (D) Subepidermis, showing increase in number of cells
through division compared Lo the epidermis. Numbers refer to number of cells. Scale bars = 50
pm.

(TIF)

$10 Fig. Comparison of the zone of competence in epidermal and subepidermal layers.
'I'ime-lapse imaging of a spch leaf at approximately 24-h intervals over 2 d (0-50 h); later time
points of this experiment are shown in $3 Fig. Cells amenable to tracking are shown on the
first time point (underlined). Cells that were competent to divide (green) and either executed
division during the interval (light green) or divided in a later interval (dark green). Cells that
did not divide (black). (A) Subepidermis. (B) Epidermis. Leal outline indicated by dotted
black line. Leaf widths from left to right are 0.17 and 0.27 mm. The petiole-lamina boundary
was defined as described in Fig 1. Grey boxes are aligned to the petiole-lamina boundary and
extend to 150 or 300 um. Scale bar = 100 gm. spch, speechless.

(TIF)

S11 Fig. Analysis of subepidermal cell size using 3D segmentation. Analysis of a sample of
abaxial subepidermal cells from the tracking experiment shown in Fig 6, 58 h. (A} Projected
segmentation-based cell arca versus vertex-based arca (R = 0.98, slope = 1.03, intercept = 46,
standard deviation along y-axis = 20). (B) Cell volume versus projected segmentation-based
cell area, subepidermal cells (blue, R? = 0.94, slope = 15.4), epidermal cells (red). (C) Cell vol-
ume divided by projected segmentation-based area (approximate cell thickness). (D) Projected
segmentation-based area. (E) Cell volume. For each heat map, the upper limit was set to 8-fold
that of the lower limit. (F) Orthogonal slice of confocal image, approximately through the mid-
line of the leaf. Thickness of epidermal and subepidermal cells appears approximately uniform
from leaf base (left) to leaf tip (right). Subepidermal cells close to the distal leaf tip are difficult
to resolve. Scale bars = 100 ym. Source data are available from https://figshare.com/s/
bl4c8e6cb1fc5135dd87.

(TIF)
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S12 Fig. Comparison of wild-type and spch primordia. Confocal images of an early wild-
type leal primordium (left) and a spch primordium (righl) at similar developmental slages.
The leaf primordia are partially obscured by the petioles of cotyledon leaves. Scale

bar = 50 pum. spch, speechless.

(TIF)

$13 Fig. Quantification of cell area at division execution in wild type. Data from cells ame-
nable to tracking in the time-lapse experiment shown in Fig 7. (A,B) Area of lamina cells at the
time of division execution versus distance from the peliole-lamina boundary. Mean cell area at
the division for all cells is 87 + 6.0 ptm". (A) Cells classified as non-stomatal lincage

(mean = 165 + 27.8 um°). (B) Cells classified as stomatal lineage (mean = 81 = 5.7 um°). (C,D)
Cell cycle duration for all cells observed to complete a cell cycle. (C) Non-stomatal lineage cells
(mean = 24.6 + 2.8 h). (D) Stomatal lineage cells (mean = 18.5 + 1.05 h). + ranges indicate

1.96 x standard error of mean. Data points are colour coded according to time interval (inset
in A). Source dala are available from htips://figshare.com/s/b14c8e6cb1fc5135dd87.

(TIF)

$14 Fig. Comparison of wild-type and spch growth rates in leaf width. (A) Width measure-
ments of leaf 1 from spch, wild-lype, and fama seedlings grown in slandard condilions on
plates. The fitted growth curve of wild type (solid black line) was based on a logistic calculation
[16]. Pink line shows output leaf widths for the model. Blue line shows output leaf widths for
the model tuned to match spch growth on plates (by slowing growth by 40% and physiological
time by 45%). Horizonlal line shows leaf width at about 0.5 mm, corresponding Lo slages
shown in Fig 10. (B) Width measurements of leaf 1 from seedlings grown in the bio-imaging
chamber and scanned using confocal microscopy. Measurements are [rom six independent
tracking experiments, two wild-type individuals, and four spch individuals (colour key).
Because spch plants grown prior to moving into the chamber have much-reduced growth
(shown in B), the initial data point from each tracking experiment was normalised to the wild-
type logistic curve (solid black line) to enable subsequent growth rates to be compared. Pink
line shows output leaf widths for the model. Blue line shows output for the leaf model tuned to
match spch growth in the chamber at later stages (by slowing physiological time by 25%). (C)
Outputs for the final stage comparing the model (left) with that tuned to match spch growth in
chamber (right). Source dala are available from https://figshare.com/s/b14c8e¢6cb1fc5135dd87.
spch, speechless.

(TIF)

$15 Fig. Model setup and regulatory factors. (A) Initial canvas distribution of regulatory fac-
tors, from lefl Lo right: PGRAD (greyscale), LAM (pink) and MID (purple), POL (blue, with
arrows indicating gradient), and initial pattern of v-cells. (B) Time series showing accumula-
tion of LATE at 115, 124, 153, and 182 h. (C) 'l'ime series of PMF levels at 115, 124, 153, and
182 h. (D) Sample plot of PMF concentration along the leaf midline. Note PMF concentration
is fixed at 1 around the petiole-lamina boundary (dotled line). LAM, a faclor distinguishing
lamina from petiole; LATE, a timing factor; MID, a mediolateral factor; PGRAD, a graded
proximodistal factor; PMF, proximal mobile factor; POL, factor determining polarity field; v-
cell, virtual cell.

(TIF)

$16 Fig. Resultant growth rates for model output at different developmental stages. Model
outpul (from left to right) al 115, 132, 140, 147, 156, 164, and 178 h showing (A) resullant arcal
growth rates, (B) resultant growth rates parallel to the midline (proximodistal growth rates),
and (C) resullant growth rales perpendicular o the midline (mediolaleral growth rales). Grey
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boxes are aligned to the petiole-lamina boundary and extend to 150 or 300 ym. Scale
bar = 100 pm.
(TIF)

$17 Fig. Topological distributions (frequency of n-sided cells) from empirical data and dif-
ferent models. (A) Dark green line shows Arabidopsis spch epidermis with standard deviation
between leaves for the fraction of n-sided cells indicated by a vertical line. Data are based on
12,901 cells from 99 spch leaves at different stages of development. The frequency of six-sided
cells is 0.334 £ 0.019 (SD). Black line shows the result of the model of spch epidermis presented
here. Grey line shows the model without polarity (isotropic specified growth). Light green line
shows empirical data from the shoot apical meristem [31]. Orange line shows the model using
the shortest path through the cell’s centroid within an isotropically growing tissue [31]. Dark
blue line shows a graph-model in which cells divide through the topological centre [30]. (B-D)
Tissue topology with cells coloured according to their neighbourhood number, with six-sided
cells in while, higher numbers in green, and lower numbers in brown, as shown in the colour
scale. (B) Result for the model of spch epidermis presented here (black profile in A); (C) model
without polarity, yielding an isotropically growing tissue (grey profile in A). (D) Example of
spch leaf, as shown in S18D Fig. Source data are available from https://figshare.com/s/
bl4c8e6cb1fc5135dd87. speh, speechless.

(TIF)

S18 Fig. Additional comparisons between chamber- and plate-grown spch leaves. Support-
ing dala for Fig 10; spch leal grown in the chamber at 8 DAS (A-B) or grown on plates at 13
DAS (C-D) at similar leaf widths to leaves presented in Fig 10. (A, C) Confocal images of
leaves, with segmentation outlines overlain in blue. (B, D} Analysis of segmentations in (A, C)
showing (from left to right) neighbourhood numbers (following neighbourhood colour map
used in S18B Fig); cell complexity based on the CD measure using LOCO-EFA (using com-
plexity colour scale as in Fig 10K-10N); and absolule areas (using colour scale as in Fig 10A
and 10B). Resulls are consistent with those described for Fig 10. Scale bars = 100 pum. Source
data are available from https:/figshare.com/s/bl4c8e6cb1fc5135dd87. CD, cumulative differ-
ence; LOCO-EFA, Lobe-Contribution Elliptic Fourier Analysis; spch, speechless.

(TIF)

§1 Video. Cell division in the stomatal lineage. Magnification of a cell undergoing three
rounds of amplifying divisions, from time-lapse imaging of a wild-type leaf (expressing
PSPCH:SPCH-GI'P, shown in Fig 7). Bright, nuclear-localised SPCH can be observed al the
time of division and is retained in one daughter cell until the next division. Scale bar = 10 ym.
Time interval, 1 h. Duration of video, 57 h. Images from lime poinls 18-24 h are missing
because of movement of the microscope stage. SPCH, SPEECHLESS.

(AVD)

$2 Video. Cell division not in the stomatal lineage. Time-lapse movie of a cell undergoing a
single, non-stomatal division, from time-lapse imaging of a wild-type leaf (expressing pSPCIT:
SPCIH-GFP, shown in Fig 7). Weak, nuclear-localised SPCH can be observed at the time of
division and disappears immedialely after division in both daughter cells. Scale bar = 10 um.
Time interval, 1 h. Duration of video, 57 h. Images from time points 18-24 h are missing
because of movement of the microscope stage. SPC11, SPEECIILESS.

(AVI)
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§3 Video. Subepidermal growth model. Stages of the model used to generate Fig 8E: growth
and divisions of the subepidermal layer during carly stages.
(MP4)

$4 Video. Epidermal growth model. Stages of the model used to generate Fig 8G: growth and
divisions of the epidermal layer during carly stages.
(MP41)

§5 Video. Epidermal growth model to maturity. Stages of the model used Lo gencrate Fig 9B:
growth and divisions of the epidermal layer through to maturity.
(MP1)

$6 Video. Epidermal growth model to maturity, with limiting cell size. Stages of the model
used to generate Fig 9]: growth and divisions of the epidermal layer through to maturity, with
feedback of cell size limits on growth.

(MP4)

§7 Video. Epidermal growth model to maturity, limit-free. Stages of the model used to gen-
erate Fig 9C: growth and divisions of the epidermal layer through to maturity, with distal inhi-
bition of growth.

(MP4)
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S8 Fig. Subepidermal cells in wild-type leaves.
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By measuring reinforcing selection acting on
the dark flower color allele in £ dranmondii under
natural sympatric conditions and by quantifying
selection in the absence of P. cuspidata, we were
able to compare the relative strengths of direct
selection by other environmental factors and
by reinforcing selection on a trait conferring in-
creased premating isolation in a region of sympa-
try. The absence of detectable fitness differences
among flower color genotypes in the absence of
P cuspidata indicates that another agent of se-
lection is unlikely to be involved in flower color
divergence in P. drummondii. Although we can-
not rule out small, statistically undetectable dif-
ferences in survival or reproductive success favoring
these genotypes, such differences would be of minar
importance compared with the strong reinforcing
selection acting on the intensity locus.

Many plants have evolved premating repro-
ductive isolation by switching pollinator types
(e.g., from bees to hummingbirds) (22 24). Our
wark suggests that increased reproductive isolation
can also be achieved by a single pollinator species
through constancy of individual pollinators. In par-
ticular, if pollinators transition between flowers
with similar phenotypes more frequently then be-
tween flowers with unlike phenotypes, this will
decrease gene flow between unlike flowers. Con-
stancy is commonly studied in bumble bees but
rarely investigated in butterfly pollinators (20, 25).
That the primary pollinator Batfus philenor ex-
hibits this type of constancy is not surprising,
given that females of this species exhibit con-
stancy for leaf shape when searching for ovi-
position sites (2/).

Theoretical models indicate that the likeli-
hood of successful reinforcement is greater when
selection is strong, because this will counteract
gene flow and recombination, which tend to
reduce premating isolation (26 28). Our results
indicate that, at least in some cases, very strong
reinforcing selection may act on a single allele
and lead to increased reproductive isolation.

Theory also indicates that reinforcement is
more easily achieved by a one-allele mechanism
(4, 29), but empirical assessment of this predic-
tion has been difficult because the genetic basis
of reinforcement is understood in few systems
(7). Our current demonstration of reinforcing se-
lection acting on the dark allele indicates that
reinforcement in . drummondii involves a two-
allele reinforcement mechanism. The intensity
locus causes reproductive isolation only if the
dark allele is present in P. drummondii and the
light allele is present in P cuspidata. Consistent
with theory, we find that strong selection and
high levels of hybrid sterility cause the spread of
the dark allele through sympatric P. drummondii
populations. We suspect all reinforcement mech-
anisms involving different floral phenotypes to
which pollination vectors must respond will be
two-allele assortative mating mechanisms, be-
cause pollinators must be able to discriminate
between the novel phenotype in one species and
the ancestral phenotype in both species.

Although reinforcement has been studied pni-
marily in animals (3, 7), our work indicates that it
may also be an important contributor to speciation
in plants. If so, this phenomenon may provide a
partial explanation for the tremendous diversity of
floral color, floral morphology, and inflorescence
structure that characterize flowering plants.
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Through Early Patterns of Growth
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A major challenge in biology is to understand how buds comprising a few cells can give rise
to complex plant and animal appendages like leaves or limbs. We address this problem through
B

a combination of time-lapse i clonal

doli

and c

g. We arrive

at a model that shows how leaf shape can arise through feedback between early patterns of
oriented growth and tissue deformation. Experimental tests through partial leaf ablation support
this model and allow reevaluation of previous experimental studies. Our model allows a range
of observed leaf shapes to be generated and predicts observed clone patterns in different
species. Thus, our experimentally validated model may underlie the development and evolution

of diverse organ shapes.

he shapes of many plant and animal ap-
pendages are thought to develop under
the influence of orthogonal organizing
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systems (i.e., systems with axes that intersect at
right angles) (/ 4). However, it is unclear how
these orthogonal systems lead to changes in tis-
sue shape and how shape changes may themselves
feed back to deform the organizing systems. Con-
sider a square piece of tissue that deforms during
growth (Fig. 1A). The tissue has an initial linear
orthogonal system that organizes the pattem of
morphogenesis (Fig. 1B, arrows). We might en-
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visage two extreme possibilities as the tissue de-
forms. One is that the organizing system retains
its original arrangement despite the change in tis-
sue shape (Fig. 1C). Another possibility is that the
change in shape of the tissue feeds back to deform
the organizing system during growth (Fig. 1D).

Here, we exploit live imaging of fluores-
cently marked Arabidopsis leaves to distinguish
these possibilities. We concentrated on growth
of leaf 1, from when the leaf primordium had
a simple dome shape [3 days after initiation
(DAD)] to the stage at which the characteristic
leaf shape was evident (9 DAI) (fig. SI). We
first determined areal growth rates for differ-
ent regions of the leaf by tracking cell vertices
over time. Areal growth rate is lower toward
the distal tip of the leaf (Fig. 1J), consistent
with previous tracking studies at later stages
of growth (5-7). Areal growth rates also tend
to be higher in lateral compared to medial do-
mains (Fig. 11).

)

0 500 1000 1500
Distance from lamina base (um)

To understand how the observed patterns
of growth could be generated, we first consid-
ered growth rates in the proximodistal direc-
tion along the midline of the leaf lamina (Fig. 1,
E to I). At early stages, growth rates parallel to
the midline show an almost linear decrease from
proximal to distal regions (Fig. 1, E and F). At
later stages, the proximodistal gradient in growth
rates becomes shallower throughout most of
the leaf but maintains a steep decline near the
tip (Fig. 1, G to I). To account for these obser-
vations, we used a one-dimensional (1D) model
with a factor, PGRAD, that declines from prox-
imal to distal positions with an mitfal linear gra-
dient (fig. S2, A and B) and promotes specified
growth rate K (Fig. 1P). PGRAD levels are
maintained locally and deform with the tissue
during growth. The output of this model is a
gradient in growth rates that becomes shallower
proximally because these regions extend more
rapidly (Fig. 1, E to G, black lines; Fig. 1, H

REPORTS I

and L gray lines). Thus, the initfal linear gradi-
ent is transformed into a curve that dips more
steeply toward the distal end.

Although this model generates curves that
match the data at early stages (Fig. 1, E to G),
observed growth rates at later stages are lower
than those predicted by the model (Fig. I, H and
L gray lines). We therefore introduced a uni-
formly distributed factor into the model, LATE,
that increases during later stages and inhibits the
specified growth rates (Fig. 1P and fig. S2C).
‘With this modification, the resulting proximo-
distal growth rates show a better match to the
data (Fig. 1, H and I, black lines).

‘We next extended the model to 2D, using
the growing polarized tissue framework (&), in
which growth rates can be specified by a dis-
tribution of factors over a tissue. Regions of the
tissue are mechanically connected, forming a
canvas, allowing the deformation resulting from
specified local growth patterns to be computed.

Fig. 1. Leaf growth analysis. (A) Tissue deforms through growth. (B) Or-
thogonal organizing system which (C) retains its original arrangement or
(D) deforms during growth. (E to I) Midline proximodistal growth rates
for three replicates (orange, green, and blue), and 1D models (black and
gray lines). Distances from lamina base correspond to those on the day
indicated by an asterisk. (J) Areal growth rates theat map) and (K} prin-
cipal directions of growth (black lines, where anisotropy > 10%) at the
end of each period. (L) Resultant shape, POL levels and specified growth
orientations (arrows) for nondeforming and (M) deforming (organizer-

based) models. (N) Resultant shapes, areal growth rates, and directions of
growth (black Lines, where anisotropy > 5%) for 2D nondeforming and (0)
deforming (organizer-based) models. Heat map and staging as in (]). (P) 1D
model regulatory network. (Q) 2D distribution of PGRAD (gray). (R) MID
(blue} and LAM (magenta) distributions. ($) 2D model regulatory network.
(T Initial POL (cyan) distribution for nondeforming and (U) deforming
models. PROXORG in green. (V to X) Enlargement of brown ellipses in (N)
(K), and (0}, respectively. (Y, Z, and ZZ) Enlargement of green ellipses in
(N}, (K), and (0}, respectively. Scale bars, 100 pm.
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Fig. 2. Clonal analysis. (A, C,
and E) Clones induced at 3
DAl (Aand O or 6 DAI (E) and
imaged at 6 DAl (A) or 9 DAI
(C and E). Clones from several
leaves are superimposed. (B, D,
and B Clonal patterns gener-
ated by the organizer-based
model at stages corresponding
to those shown on their left.
Sale bars, 100 pum.

Each model has three components: () an inftial
canvas shape with distributed factors; (if) a sys-
tem for specifying polarity; and (iii) a growth
regulatory network. The starting shape for the
canvas is based on a simplified leaf primordium
shape (Fig. 1Q and fig. 83). To account for the
observed pattern of growth rates (Fig. 1), the
inittal canvas has spatial domains defined by
three factors: ({) PGRAD is expressed as a linear
gradient along the proximodistal axis (as for the
1D model); (if) LAM is expressed everywhere
but at a lower level in a narow region at the
base (which will form the petiole); and (itf) MID
is expressed along the midline (Fig. 1, Q and R).
For all these factors, levels are maintained lo-
cally and deform with the canvas during growth.

Growth orfentations depend on a proximo-
distal gradient of a factor, POLARISER (POL),
distributed throughout the canvas (Fig. 1T, ar-
rows). The gradient of POL provides the axiality
information needed to specify local growth ori-
entations. We first assumed that growth orienta-
tions are specified according to a nondeforming
system (Fig. 1C) with axes parallel (proximo-
distal axis) or perpendicular (mediolateral axis)
to the midline (9, Z0). This corresponds to keeping
the POL gradient parallel to the midline through-
out growth (Fig. 1L). There is thus no feedback
between tissue deformation and specification of
growth orientations. The growth regulatory net-
work controls two specified growth rates: paral-
lel (Kpa) and perpendicular (Kpe) to the POL
gradient (fig. 1S). K,y s controlled by PGRAD
and LATE as for the 1D model (Fig. IP). To
account for the higher areal growth rates in the
lateral domains, Ky is promoted by LAM and
inhibited by MID. The extent to which LAM
promotes K. is further enhanced by LATE;
otherwise, growth rates in the lamina drop be-
low observed levels.

Rumning this nondeforming model leads to
canvas shape changes and pattems of areal growth
that are broadly similar to those observed ex-
perimentally (Fig. IN). The principal orienta-
tions of resultant growth (Fig. IN, black lines)
switch from being mainly parallel to the midline
at early stages to being matnly perpendicular
to the midline in the lamina. The switch occurs
because LATE enhances the effect of LAM on
Kyper (Fig. 1S)

The principal orientatins of growth pre-
dicted by the nondeforming model of leaf devel-
opment were compared with observed arfentations,

Fig. 3. Distal leaf exd-
sion. (A) Excision of the
distal half of leaf 1 lam-
ina at 6 DAL Distal re-
gion was removed after
laser aut (pale Line). (B}
Leaf 1, 6 days after distal
excision, viewed from the
top and (C) from lower
(abaxial) side, showing a
curved indentation at
the tip (arrow). (D) Leaf
1 cut at 6 DAl {left) and
tracked until 9 DAl Gright).
Areal growth rates theat
map} @lculated over the
last 24 hours of tracking.
Boundary of cut high-
lighted with magenta line.
(E) Leaf after tracking
growth for 5 days after
distal exdsion. (F) Tracked
unaut leaf with a blue line
shown at a similar posi-

tion to the cut in (D). (@) Principal directions of growth
(black lines, where anisotropy >10%) for leaf shown in
(D). (H) Excision of the distal half of the @nvas and (1)
output after growth according to the organizer-based
model, showing areal growth rates and resultant di-
rections of growth (black lines, where anisotropy >5%).

Scale bar, 100 pm.

obtained from the measured displacement of cell
vertices (ZI). The observed principal directions
of growth are mainly oriented proximodistally
at early stages and switch in the lamina toward
a more mediolateral orientation during later
stages of growth (Fig. 1K), consistent with the
nondeforming model (Fig. IN). However, ob-
served orientations converge toward the leaf
tip at early stages much more than those of the
model (brown ellipses, Fig. I, K, N, V, and W,
and fig. S4, A and B). Also, in the proximal
lamina regions near the midvein, principal
orientations of growth are oblique and diverge
from the midline at later stages (green ellipses,
Fig. 1, K and Z and fig. 84, C and D), in con-
trast to the largely parallel or perpendicular ori-
entations predicted by the model (green ellipse,
Fig. I, N and Y).

‘We next considered an organizer-based mod-
el in which POL distribution arises by prop-

agation through the canvas and then deforms
during growth. POL production is promoted at
the base of the canvas through an identity factor
PROXORG (proximal organizer) and is degraded
everywhere at a constant rate (Fig, 1U). Propaga-
tion of POL through the canvas generates a proxi-
modistal field of polarities that is iitially parallel
to the midline in the basal half of the canvas and
converges toward the tip (Fig. U and fig. S5A)
but then deforms (Fig. IM and fig. S5B). The
initfal canvas, distribution of factors, and growth
regulatory network are the same as in the non-
deforming model (Fig. 1, Q to S). The resulting
shape changes and growth patterns are also sim-
ilar (Fig. 10 and fig. S5C). However, resultant
growth orfentations give a better match to the
experimental data (table S1): Orientations con-
verge toward the leaf tip (brown ellipse, Fig. 1,
O and X) and have oblique orientations of
growth that diverge from the midline at later
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Fig. 4. Generation of diverse A
leaf shapes. (A to I) Morpho-
space generated from the
organizer-based model, vary-
ing two growth parameters;
the strength of promotion
by LAM, p.,, and the level
of PGRAD at the distal end D
Dograg. Arabidopsis leaf 1 cor-
responds to (). Clones in-
duced as circles on day 3. ()
Clones on mature leaf (meta-
mer 4) of Antirrhinum, induced
when the leaf primordium is G
about 50 to 100 um wide.
Clones on the petiole were
not recorded. Scale bar for
Antirrhinum leaf, 1 cm.

Plam

stages due to deformation of the canvas (green
ellipse, Fig. 1, O and ZZ).

An organizer-based model is also consistent
with pattems of polarity observed in young leaf
primordia. PINI (PIN-FORMEDI) auxin trans-
porters at this stage are oriented i a proximodistal
pattern, with cell polarity pointing distally and
converging toward the tip in the epidermis or
pointing proximally in interal tissues (72). Both
polarity patterns are consistent with an organizer-
based model, because specifying growth orien-
tation depends only on the axiality component
of the polarity field, not the sense in which the
polarity points (8). The mechanism determining
PIN polarity fs still unclear (73). One possibility
is that auxin plays a primary role in establishing
this pattern and would therefore be influenced
by organizers of polarity. Alternatively, the PIN
polarity pattern may be a read-out of a separate
underlying polarity system.

The organizer-based model should account
for growth patterns across the entire leaf as
well as in regions accessible to tracking. This
additional requirement was evaluated through
clonal analysis. Clones were induced at 3 DAI
(Fig. 2, A and C) or 6 DAI (Fig. 2E) using a heat
shock-inducible Cre-Lox system (74). For re-
gions accessible to tracking, the resulting clones
were in good agreement with the fate of in-
dividually tracked cells (fig. S6). Clonal pat-
terns were also compared with those generated
by the organizer-based model This was achieved
by superimposing outlines of leaf cells on the
canvas (fig. S3) and then growing the canvas
to its final shape (Fig. 2, B, D, and F). The
shapes and orfentations of predicted and ob-
served clones showed a good qualitative match:
Clones diverge near the lamina base and con-
verge toward the tip.

A key assumption of the above models is
that the spatial pattern of growth rates is es-
tablished at an early stage of leaf development.
This assumption does not rule out modulations

bpgrad

in growth pattemn at later stages but seems in-
consistent with the claim that leaves regenerate
after excision of the distal half at a time after
patterning has been established according to our
models (15). To investigate this discrepancy, we
repeated the excision experiment by removing
the distal half of the leaf at a similar develop-
mental stage to that previously reported to give
regeneration (6 DAL (Fig. 3A and fig. STA) (I5).
As with the previously published experiments,
the cut edge was clearly evident after 2 days
of growth but seemed to have disappeared after
a further 4 days of growth when the leaf was
viewed from above (Fig. 3B). However, ex-
amination of the underside of the leaf revealed
a semicircular edge at the tip similar in length to
the original cut, suggesting that regeneration
from the cut edge may not have occurred (Fig.
3C). Tracking leaf development after distal ex-
cision revealed a similar spatial pattern of growth
rates to a control uncut leaf, except for regions
near the cut, where growth rates were reduced
(Fig. 3, D and F). There was no evidence of tip
regeneration (Fig. 3, D and E). The superficial
resemblance to regeneration (Fig. 3B) is a con-
sequence of the high contribution that proximal
regions of the leaf primordium make to the
mature leaf, and the reduced growth rate of the
cut edge.

To determine whether the organizer-based
model could account for the observed effects
of distal excision, we grew the canvas until day
6 and then removed the distal half (Fig. 3H and
fig. 82, D and E). Growth is assumed to be un-
affected except at the cut margin, where growth
is inhibited The final shape and growth pattemns
generated by the model are broadly similar to
that observed experimentally after distal excision
(Fig. 3, G and I). Thus, distal excision validates
the model rather than refuting it.

To determine whether the organizer-based
model could account for leaf shapes other than
leaf 1 in Arabidopsis, we varied each of the

REPORTS I

model’s growth parameters (fig. S8). The effect
of varying b4 (the level of PGRAD at the dis-
tal end) and pyay, (the strength of K., promotion
by LAM) in various combinations is shown in
Fig 4. The resulting morphospace includes marny
botanically described leaf shapes, such as ob-
cordate (Fig. 4, A and D), ovate (Fig. 4F), and
elliptic (Fig. 4, H and I} (Z6). Thus, the model
may underlie a wide range of leaf forms.

As a further test of the model’s generality, we
compared the pattem of clones predicted to those
observed in Antirrhinum, a species with an el-
liptic leaf shape amenable to clonal analysis (9).
Clones were induced at an early stage of leaf de-
velopment in Anfirrhimem, using a temy -
sensitive transposon, and visualized in the mature
leaf The pattern of clones observed is in broad
agreement with those generated by the model
with low pra,: Large narrow clones diverge out-
ward from the lamina base, and small clones
converge toward the tip (Fig. 4, H and J).

These results show that a relatively simple
model can broadly account for the growth dy-
namics and shape changes observed during nor-
mal and perturbed growth of drabidopsis and
may also underlie a variety of other leaf shapes.
The model assumes that growth orientations are
specified through a tissue polarity system that
deforms during growth and that a basic pattern
of growth rates across the leaf is established
from an early stage. This raises the question of
how these features are specified at the cellular
scale and what genes may underlie them. Can-
didate genes for LAM are LEAFY PETIOLE
(Z7) and members of the Y4BBY family (I8),
which are expressed in the lamina and promote
its lateral growth. Candidate organizers of tissue
polarity are the CUP-SHAPED COTYLEDON
(CUC) genes, which are expressed at the base of
the leaf (79) and play a key role in leaf develop-
ment (20, 27). Thus, our model provides a sim-
ple unifying framework for the control of organ
shape that can be further tested experimentally,
elaborated through the incorporation of genes
and cellular properties, and extended to cover
more complex leaf shapes.
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Materials and Methods

Plant Material

For tracking growth we used Arabidopsis lines pAR169 (4TML1::mCitrine-RCI2A)
(22), or Lti6b (35S::EGFP-LTI6b) (23), which express fluorescently labelled plasma
membrane markers and are in the Landsberg erecta background. For clonal analysis and
calculating growth curves, we used lines carrying 35S::lox-uidA-loxGFP and hspl8.2::Cre
(14) in the Landsberg erecta background. Some of the cutting experiments used wild-type
Arabidopsis in the Columbia background to ensure comparability with Sena ef al. (15).
Arabidopsis plants were grown in standard conditions (unless otherwise described): seeds
were surface sterilised and sown on plates containing 25 ml of growth media [GM; 1x
Murashige and Skoog salt mixture, 1 % (w/v) sucrose, 100 mg/ml inositol, 1 mg/ml thiamine,
0.5 mg/ml pyridoxin, 0.5 mg/ml nicotinic acid, 0.5 mg/ml MES, 0.8 % (w/v) agar, pH 5.7]
then stratified at 4 °C for 3 days before being transferred to a controlled environment room at
20 °C in long day conditions (16 hours light/8 hours dark cycles). The unstable Antirrhinum
line pal-2 was grown on soil under continuous light at 25 °C except for short periods when
plants were transferred to 15 °C to induce transposon excision (24).

Growth curves and staging

To generate growth curves (fig. S1), widths and lengths of leaf 1 were measured for
multiple seedlings at various days after stratification (DAS). For early stages (2 to 6 DAS),
leaves were imaged under the confocal microscope after staining with propidium iodide (25),
and measurements were taken in 3D using VolViewer
(http://www.nea.ac.ulk/cmp/research/cmpbio/VolViewer). At later stages leaves were
flattened, photographed and measurements taken from the 2D images using Fiji
(http://fiji.sc). Logistic curves were fitted to the leaf width and length data:

y = -A/1+exp((t-t,)k))+A4

Where A4 is the upper asymptote, # is time (hours after stratification), & is the early exponential
growth rate and #,, is the point of inflection, or time when y reaches 4/2. For y = leaf width,
parameter values were estimated to be: 4 =6 mm, k= 0.020 h™ and #,, = 306 h. For y = leaf
length, 4 =9.5 mm, k= 0.021 h™ and 7, = 310 h.

The logistic function was used to estimate when the primordium has a width of 0.02 mm
(~ two cells wide), which was taken as the time of leaf initiation. This time was about 1 DAS.
Thus, days after leaf initiation (DAI) were calculated by subtracting 1 day from DAS.

Time-lapse imaging and analysis

Seedlings were grown in standard conditions before being transferred to a Growth-
Tracking chamber (26) at 4 or 6 DAI. The chamber was mounted onto the stage of a Zeiss
LSM 5 EXCITER Laser Scanning Microscope and the growing abaxial epidermis of leaves
imaged at regular intervals over several days. The GFP or YFP probe was excited using the
488-nm line of an argon ion laser, and emitted light filtered through a 500-550-nm band-pass
filter and imaged with either a 10x dry, or 20x dry, objective. The chamber was illuminated
by a cold light source set to a long-day photoperiod. Room temperature was maintained at 20
°C. Widths of tracked leaves showed good agreement with the widths of leaf 1 grown under
standard conditions.

Confocal z-stack images of time lapse data were processed using Merryproj (27) to
create 2D projections of the leaf epidermis. Growth rates over 24 h intervals were extracted
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using software called Point Tracker. The software is written in Python, uses NumPy and
SciPy (28) for the data analysis and PyQt4
(http://www.riverbankcomputing.co.uk/software/pyqt) for the user interface. Cell vertices on
the 2D projections were used as material points, which were linked to form regions (regions
did not always correspond to biological cells). For each region, the growth tensor was
estimated from the linear transformation that best approximated the deformation of the region
(i.e. minimising the square error on the final vertex positions resulting from the
transformation compared to the observed final positions). A polar decomposition allowed the
rotation and scaling to be extracted from the transformation. From the scaling the strain
tensor (/1) was calculated. The scaling was further corrected to account for large time steps,
with the assumption that the growth tensor is constant (i.e. the growth tensor is "attached" to
the tissue and the tissue grows at a constant relative growth rate during the period covered,
according to the Lagrangian formulation). The images shown in Fig. 1J and K, where growth
is analysed over 5 days, are derived from two independent time lapse experiments

Growth in the direction of the midline (Fig. 1E to I) was calculated from the strain
tensors of the cells in the midline region. The leaf midline axis was defined manually and the
leaf rotated to align the midline axis with the y-axis. The position of each cell was recorded as
the distance of its centroid from the petiole-lamina boundary along the y-axis. In cases where
the midline was curved, it was divided into smaller segments, for each of which the midline
axis was determined and aligned. Growth rate along the midline was calculated by projecting
the midline unit vector onto the unit vectors defining the major and minor axis of growth for
each cell.

Clonal analysis

Leaves were heat shocked at 3 or 6 DAI by submerging sealed plates containing
seedlings into a water bath at 38 °C for 3 minutes. After 3 or 6 days of further growth in
standard conditions, leaf 1 was removed, flattened and clones on the abaxial surface imaged
on a Zeiss LSM 5 EXCITER Laser Scanning Confocal Microscope, or a Leica DM
6000 compound microscope. Leaves were imaged either at 6 DAI (leaf width ~ 0.34 mm), or
9 DAI (leaf width ~ 1.2 mm). For Antirrhinum, transposon excision was induced by moving
plants from 25 °C to 15 °C for 24 hours, when metamer 4 (fourth node above the cotyledons)
was ~ 50-100 um wide. Mature metamer 4 leaves were flattened and photographed using a
Kodak DCS Pro 14N camera. The Sector Analysis Toolbox
(http://www.uea.ac.uk/cmp/research/cmpbio/SectorAnalysisToolbox) was used to analyse
clonal patterns in Arabidopis and Antirrhinum leaves. The program generates a virtual
composite shape from the outline of individual leaves and the position and shape of their
clones (Fig. 2, A, C and E, and Fig. 4J). Leaf outlines were captured by semi-automatic point
placement and a mean leaf shape was calculated using Procrustes alignment (29), normalising
for scale. Epidermal clones were segmented using a combination of automatic and manual
segmentation. Each individual clone was warped onto the mean shape using a piecewise
linear warp (30) in which the spatial transformations were maintained for each leaf. The
Sector Analysis Toolbox was implemented in MATLAB. To simulate clones with the model,
representative cell outlines were drawn on the canvas at the time of clone induction. The cell
outlines were derived from confocal images of leaves at corresponding developmental stages.
For the earliest stage (3 DAI) the curvature of the leaf surface precluded use of 2D
projections for obtaining cell outlines. We therefore computed an approximation using a
flattened curved section of the confocal image (fig. S3) using VolViewer
(http://www.uea.ac.uk/cmp/research/cmpbio/VolViewer). The curved section was computed
by first placing a 2D plane through the confocal image. The 2D plane was aligned to the leaf
and discretised as a regular 2D (x, y) grid consisting of 64 x 64 vertices with connected
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diagonals to form 8192 triangles. The 2D plane was made to curve independently along the x
and y axis using two manually specified parameters. The parameters controlled the
displacement along the z-axis at each vertex of the grid, using a sinusoid (sin) function. The
parameters where adjusted until the curved section intersected the middle of the majority of
the epidermal cells on the abaxial surface. To flatten the curved section image, the x, y-
distances between the vertices were computed. The displacement along the z-axis was
removed to flatten the curved section and the vertices where translated back to their
computed x and y-distances in order to obtain a flattened image of the cell outlines.

Distal Jeaf excision

We repeated the leaf excision experiments in Sena et al. (15) as closely as possible by
cutting leaf 3 of Arabidopsis accession Columbia-0 in half approximately perpendicular to
the midvein (fig. $7) using Vannas micro-scissors (World Precision Instruments, 15 pm
straight blades), as described by these authors. The excisions were carried out at 10 DAS,
when leaf 3 width is ~ 0.2 mm. We found this to be the earliest stage that it was practical to
cut the leaf using micro-scissors. We also repeated the excision experiments using leaf 1 of
Arabidopsis Landsberg erecta at 6 DAI (leaf 1 width ~ 0.3 mm) and obtained the same
results as for leaf 3 (no regeneration).

As the study by Sena et al. (15) shows that regeneration does not occur when leaves are
cut at later stages (22 days after sowing), we wanted to ensure that our leaf cutting
experiments had been done at a sufficiently early time point. We therefore compared the size
of leaves 2 days and 5 days post cut to the published images by Sena e al. (15). In our
experiments, leaf 3 was about 450 pm wide 2 days post cut, and 1.6 mm wide 5 days post cut.
By contrast, in the experiments of Sena ez al. (15), the leaf'is 165 pm wide 2 days post cut,
and 185 um wide 5 days post cut, according to the scale bars in Fig. 4b and ¢ of their paper.
Thus it would seem that the leaves in the Sena ef al. study are much smaller than ours and
hardly grew during the 3 day period (the growth rate in width would be 0.16 %/h). However,
closer inspection of their figure shows that the scale bar is most likely incorrect. The
branches of mature Arabidopsis trichomes are about 250 pum long (37), yet according to the
scale bars the trichome branches visible in Fig. 4b and ¢ of Sena et al. (15) are about 20-25
um long. Thus the scale bars seem to be out by a factor of about 10. Using the trichome
branches for scaling, and assuming they are 200 pum long, we obtained estimated leaf widths
of 1.25 mm for 2 days post cut, and 1.87 mm for 5 days post cut. These values are larger
than those for leaves in our experiments, suggesting that our cuts had been carried out as
early if not earlier than those of Sena ef al. (15).

To improve the precision of leaf excision experiments, we used a Zeiss PALM laser
dissecting microscope to cut the leaf. For these experiments we used leaf 1 as it is more
accessible than leaf 3. Individual seedlings were placed on a drop of water on a glass slide
and viewed using a 10x objective. The PALM software was then used to direct the laser beam
to cut the lamina in half, perpendicular to the midvein. The laser was set to 100 % power and
travelled at a speed of 5 mm/sec. The leaf tissue was severed completely (Fig. 3A) and the
excised piece of leaf tissue removed using fine forceps. Seedlings were then returned to
standard growing conditions for a further 3 or 6 days, and then imaged using a Leica MZ16
stereo microscope (Fig. 3, B and C). Alternatively, to track growth following excision,
seedlings were mounted into a Growth-Tracking chamber immediately following laser
cutting. The cut leaves were then imaged at regular intervals using a Zeiss LSM 5 EXCITER
Laser Scanning Microscope (as described above). Cut edges grew in length by an average of
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0.55 %/h in the tracking chamber, compared to 2.2 %/h for a corresponding region of an
uncut leaf.

SOM Text
Supporting model description

1 Basic factors and functions
Growth patterns are determined by the pattern of factors distributed over the tissue, termed
the canvas (&). Factors have one value for each segment or vertex of the canvas and are
denoted by capital letters in the text. In the equations, factors that propagate through the
canvas are denoted by the bold letter s subscripted with the factor name, while those that are
fixed to the canvas are denoted by i subscripted with the factor name. For instance, the
immobile factor PGRAD is described by i1 the equations.

Factors may promote growth rates through the linear function pro, defined as:

pro(py, X7) = 1+ prxy, (1.1)

where x;is a factor, F, and x denotes either i or s. py is a promotion coefficient for that factor.
Factors may inhibit growth through the function inh, defined as:

inh(hy, x) =1/ (1 + hyxy), (1.2)

where /yis a inhibition coefficient for factor F. All multiplications and divisions are element-
wise. Values of all coefficients are given in the tables below (section 2.2 for the 1D models
and section 3.3 for the 2D models). All models run from # = 87 hours (end of day 3) to ¢ =
205 hours (day 8 to9).

2 1D models

Growth along the lamina midline (Fig. 1, E to G, black lines; Fig. 1, H and I, grey lines)
was simulated using a one-dimensional model in MATLAB. An initial canvas comprises a
line made up of multiple segments of equal length, Lo, joined at vertices (fig. S2A). Each line
segment grows according to:

L(t)=Lge®, @1

where K is the growth rate and 7 is time in hours. The value of K is promoted by
PGRAD according to:

K= Ppgrad ipgmd; 2.2)
where pperaa 1s the promotion of growth by PGRAD. PGRAD has a linear gradient

across the canvas with the highest level of 0.94 at the base and lowest level of byg.q at the tip.
Within each segment PGRAD levels are uniform (fig. S2B). The gradient in PGRAD forms
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during setup (prior to the start of the growth simulation) and the value of PGRAD for each
segment does not change as the line segments grow.

To decrease growth rates at later stages (Fig. 1, E to I, black lines), K is inhibited by
LATE according to (Fig. 1P):

K= Ppgrad ipgrad ’ in-h(hlate: ilafe)) (23)

where /%, is the inhibition coefficient of LATE. The value of LATE is the same for each
segment and increases linearly with time after 148 hours (end day 6, fig. S2C):

] { 0 ift <148 h
e | gt —1481)  ift > 148h 24

where g defines the rate of increase of LATE with time.

2.2 1D models parameter list

Growth parameter Description Value
Bigran minimum levels of PGRAD 0.195
Disgra growth promotion by PGRAD 0.04h™"
Glate increase in LATE over time 0.0048 h™*
Piate growth inhibition by LATE 4.5

3 2D models

2D leaf models were specified using the growing polarised tissue framework as implemented
in the MATLAB application GFtbox. Full details of both are given in Kennaway et al. (8)
and models can be downloaded with the GFtbox software from
(https://'www.uea.ac.uk/cmp/research/cmpbio/Gftbox). In this method an initial finite element
mesh, also termed the canvas, is deformed during growth. The pattern of deformation
depends on growth-modulating factors, whose initial distribution is established during setup.
Factors have one value for each vertex and values between vertices are linearly interpolated
across each finite element. In the models described here, the initial canvas is oriented with
regard to the external xy-coordinate system such that the canvas base is parallel to the x-axis
and the midline is parallel to the y-axis. Growth at the baseline is constrained to be parallel to
the x-axis, reflecting the anchoring of the leaf to the stem. The initial canvas consists of 3000
elements. Elements are not subdivided during the simulations.

Each model has two interconnected networks: the Polarity Regulatory Network (PRN)
specifies tissue polarity and hence specified orientations of growth, the Growth rate
Regulatory Network (KRN) determines how factors influence specified growth rates. In total,
growth interactions are specified by three equations, one for the PRN and two for the KRN.
These networks determine the specified polarity and growth fields across the canvas. Due to
the connectedness of the canvas this specified growth differs from the resultant growth by

172



which the system is deformed. The time step of each model corresponds to one hour of
developmental time. Models take about 20 min to run on a dual core desktop computer.

3.1 Non-deforming model
This model involves growth orientations being held parallel to the midvein (y-axis)
throughout growth (Fig. 1, L and T).

Setup

The initial canvas shape and distribution of factors are shown in Fig. 1Q and R. The
PGRAD gradient is specified in the same way as in the 1D model, where PGRAD levels are 1
at the base and bgqq at the tip. PGRAD levels are calculated according to the initial y-
coordinate of each vertex and interpolated across each element. LAM is highest in the
proximal regions of the lamina with lower levels in the distal regions and in the proximal
region that will form the petiole. MID is expressed along the midline and declines distally
with a linear gradient. The value of all these factors at each vertex does not change during
growth (they are fixed to the canvas). The maximum level of these factors is 1.

PRN

A proximodistal polarity field is specified as being oriented parallel to the midline
throughout growth by the gradient of a polarity factor, POLARISER (POL, Fig. 1T). Similar
to PGRAD, POL has a linear gradient across the canvas with highest levels, determined by
by, at the base and at level of 0 at the tip. POL levels are calculated according to the y-
component of each vertex and interpolated across each element. To maintain polarity parallel
to the y-axis throughout growth the POL gradient is re-established at every iteration and
therefore does not deform with the canvas during growth (unlike PGRAD, LAM and MID).

KRN
Specified growth rate parallel to the polarity gradient, Ky, is defined in the same way as
for the 1D model (Eqn. 2.3 and Fig. 1S):

Kpar = Ppgrad ipgmd - inh(hiace, Viare) (3.1)

Specified growth perpendicular to the polarity is promoted by LAM and LATE and
inhibited by MID:

err = Plam K * prO(p/a:e, ilate) & mh(hm:‘d,- imid) (32)

3.2 Organiser-based model (Deforming model)
These models involve growth orientations being established by POL propagation from

an organiser, which was expressed at the canvas base. The gradient of POL defines the local
polarity and hence local orientations of specified growth, which reorient with changes in the
POL gradient. The KRNs for all organiser model versions are the same as for the previous
model (Eqn. 3.1 and Eqn. 3.2).

PRN

An identity factor, PROXORG, is expressed at a level of 1 along the base of the canvas
and 0 elsewhere. The value of POL is fixed at a value of 0.1 (b,,7), where PROXORG is
expressed (i.e. where PROXORG > 0). POL diffuses according to the equation:
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aspol /ot = Dpol V2 Spol — Hpol Spols (33)

where D, is the diffusion rate and u,,; the decay rate of POL throughout the tissue.
POL distribution is allowed to establish during the setup phase for 20 time steps before the
commencement of growth.

The importance of POL propagation for the polarity field maintenance is explored using
POL propagation rates at two extremes. At one extreme (fixed version), the local POL
gradient is fixed to the initial canvas after setup and thus the gradient and polarity field
deform with the canvas (Fig. 1, U and M). In the other version (dynamic), POL continues to
propagate and the polarity field readjusts according to POL levels throughout growth (fig. S5,
A and B; see 2D models parameter list). In the dynamic version, the polarity field deforms
during growth because changes in tissue geometry affect the way POL becomes distributed.
The patterns and orientations of resultant growth for the dynamic and fixed versions of the
organiser-based model are very similar (Fig. 10 and fig. S5C) and match the data (Fig. 1, J
and K). Thus, both versions of the organiser-based (deforming) model are compatible with
our observations.

To confirm that the propagation rate in the dynamic model is high enough to polarise the
tissue throughout growth and to explore the importance of canvas geometry on the polarity
field, the polarity field is perturbed at 148 hours (fig. S5, D and E). POL levels are reduced
10-fold and spatially randomised everywhere, except at PROXORG, to give randomly
orientated polarity. De novo production of POL at PROXORG and POL diffusion (Eqn. 3.3)
restores the polarity pattern within 1 hour, with orientations diverging at the base and
converging towards the tip (fig. S5F). Model shape and the polarity field are
indistinguishable from an undisturbed run of the dynamic model (fig. S5, B and G).

3.2.1 Distal leaf excision

The above models assume that a basic pattern of growth rates is established early. This
is verified by excising the distal half of the canvas (Fig. 3, H and I). During setup the distal
part of the canvas is marked by DISTAL (fig. S2D). Regions expressing DISTAL are
removed from the canvas at 148 hours (day 6), corresponding to the cuts performed
experimentally. After deletion of the distal half, the remaining canvas grows to a time of 205
hours, but is inhibited at the cut edge by inhibitor induced by cut (INC), which is expressed
after cutting along the cut edge (fig. S2E). INC is expressed at a level of 1 and inhibits Ky,
and Ky through an additional term to equations 3.1 and 3.2, giving the overall KRN

equations:
KpaI = Ppgrad ipgrad - inh(Prace, Hiare) * 0 (Rine, iinc) (34)
err = Plam Liam * pI'O(plme, ilme) ' m-h(hmid, imid) E inh(hinc; Linc) (35)

3.3 2D models parameter list

For organiser-based models, the POL diffusion constant D,,; = 0.0001 mm’h™ in the
fixed polarity version and 0.01 mm’h™ in the dynamic polarity version. The other parameter
values in all 2D models are:
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Parameter Description Value
Polarity parameters

bpot maximum POL levels 0.1

Hypol POL decay rate 0.1h"
Growth parameters

bpgrad minimum levels of PGRAD 0.195

Slate increase in LATE over time 0.0048 1!
Pperad Kpar promotion by PGRAD 0.041 1™
Diam Kper promotion by LAM 0.0235h!
Piate Kyper promotion by LATE 0.7

Piate Ko inhibition by LATE 2.2

Ppiia Kyer inhibition by MID 0.5
Excision parameters

hine growth inhibition by INC 5
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Fig. 81. Growth analysis of leaf 1.

Growth curves for leaf width (black) and length (red), with outlines of representative leaves.
Several small cuts were made in the oldest leaf, allowing it to be flattened. Inset shows
measurements on a logarithmic scale.
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Fig. S2. Model methods.

(A) 1D example canvas with spatial discretisation. Ly is the initial size of each segment. The
canvas used in the 1D models consists of 1000 segments. (B) PGRAD levels along the 1D
canvas. Levels are uniform in each segment. (C) LATE levels over time. (D) Canvas region
to be excised at later stages was marked by DISTAL on the starting canvas (end of day 3).
(E) Canvas shape just after cutting (day 6). Growth at the cut edge was inhibited by INC after
excision of the DISTAL region. Scale bars for D and E, 100 pum.
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Fig. S3. Flattening the leaf using VolViewer.

(A) Volume rendering of leaf 1 at 3 DAL (B) User-placed curved section through the abaxial
epidermal layer. (C) Resulting flattened section image, which was used as the basis for the
initial canvas shape for 2D models. Representative cells are highlighted. For clarity (in this
figure) the grid resolution was reduced. Scale bar, 50 pm.
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Fig. S4. Observed growth directions for additional images.

Principle directions of growth (black lines, calculated over 24 hour intervals and shown
where anisotropy > 10%), from four different tracking experiments Comparisons to the
model were quantified for the tracked regions covered by ellipses. Scale bars, 100 pum.
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Fig. S5. Dynamic version of organiser-based model.

(A and B) Distribution of PROXORG (green) and polarity factor POL in the canvas for
dynamic version of the organiser-based model (see section 3.2 of SOM text) at 3 days (A)
and 8 days (B). (C) Resultant areal growth rates (heat map) and orientations of growth (black
lines, shown where anisotropy > 5%). (D to G) Transient POL reduction and redistribution.
(D) Before POL reduction. (E) Immediately after POL reduction. (F) POL regains its initial
distribution within one hour (one time step). (G) POL distribution and polarity field on day 8.
Scale bars, 100 um. POL (blue), polarity field (arrows).
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Fig. S6. Validation of direct tracking using clonal analysis.

(A and C) Cell fates from time-lapse imaging: (A) Cells tracked from 4 DAI (small leaf on
left) to 6 DAI (right leaf) and (C) from 6 DAI (left leaf) to 8 DAI (right leaf). Examples of
tracked clones are shown enlarged. (B and D) Clones induced at 3 DAI (B) or 6 DAI (D) and
imaged at comparable developmental stages to (A) and (B) respectively (6 DAI and 9 DAI).
Clones from several leaves have been superimposed. Scale bars, 100 pum.
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Fig. 87. Excision of leaf 3.

Excision of the distal half of the leaf 3 lamina at 10 DAS using micro-scissors. (A} Leaf
shape after 2 days of growth, arrow points to cut. (B) Leaf viewed from the top after 5 days
of growth, showing apparent regeneration of tip. (C) Same leaf as (B) viewed from lower
(abaxial) side, showing curved indentation at tip (arrow). Scale bar, 100 pum.
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Fig. S8. Model sensitivity analysis.

Resultant canvas shapes and clones (circles on the initial canvas) with parameter values
varied by +/- 20%. Box, Growth regulatory network of the 2D models with growth factors
(black) and growth parameters (red). For explanation of growth parameters see section 3 of
SOM text. Scale bar, 500 pm.
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Table S1. Quantitative comparisons between output from models and observed
principal orientations of growth.

The results in Fig. 1K and fig. S4 provide 6 data sets for comparing observed orientations
with those generated by the models. Comparisons were quantified by fitting the best
matching growth tensor for the tracked regions covered by ellipses. The principal directions
of growth were then determined, expressed as an angle in degrees clockwise from the
midline. For the models, we performed the same computation, using the vertices of the finite
element mesh instead of experimentally tracked points, at the times corresponding to the leaf
observations. Model output and experimental data were scaled and aligned using reference
points at the tip of the leaf and the base of the lamina. In all 6 cases the angles based on
experimental data were positive (splaying outwards from the midline for green ellipses, and
inwards towards the tip for the brown ellipses) as were those from the deforming (organiser-
based) model. By contrast, the angles predicted by the non-deforming model were near zero
or negative.

Observed angle Non-deforming Deforming model
model output output
?Frlogwlli( e)llipse 46° 30 15°
?f:(gmga eAll)ipse 590 30 15°
(Bf:;mglé‘ t};gipse L 30 15°
((f};lle:gerll eKl;Tpse 38° 4° 6°
(ng.eg :(ljl;pse 65° 4° 6°
S 3

18

184



References

1. L. I. Held, Imaginal Discs: The Genetic and Cellular Logic of Pattern Formation
(Cambridge University Press, Cambridge, 2002).

2. G. T. Kim, K. H. Cho, Recent advances in the genetic regulation of the shape of simple
leaves. Physiol. Plant. 126, 494 (2006). doi:10.1111/].1399-3054.2006.00634.x

3. G. F. Stopper, G. P. Wagner, Of chicken wings and frog legs: A smorgasbord of
evolutionary variation in mechanisms of tetrapod limb development. Dev. Biol. 288,
21 (2005). doi:10.1016/1.ydbio.2005.09.010 Medline

4. L. Wolpert, C. Tickle, Principles of Development (Oxford Univ. Press, Oxford, ed. 4,
2011).

5. G. S. Avery, Structure and development of the tobacco leaf. Am. J. Bot. 20, 565 (1933).
d0i:10.2307/2436259

6. D. Schmundt, M. Stitt, B. Jahne, U. Schurr, Quantitative analysis of the local rates of
growth of dicot leaves at a high temporal and spatial resolution, using image sequence
analysis. Plant J. 16, 505 (1998). doi:10.1046/].1365-313x.1998.00314.x

7.S. D. Wolf, W. K. Silk, R. E. Plant, Quantitative patterns of leaf expansion: Comparison of
normal and malformed leaf growth in Vitis vinifera cv. Ruby Red. Am. J. Bot. 73, 832
(1986). doi:10.2307/2444294

8. R. Kennaway, E. Coen, A. Green, A. Bangham, Generation of diverse biological forms
through combinatorial interactions between tissue polarity and growth. PLOS
Comput. Biol. 7, 1002071 (2011). doi:10.1371/journal.pcbi. 1002071 Medline

9. A.-G. Rolland-Lagan, J. A. Bangham, E. Coen, Growth dynamics underlying petal shape
and asymmetry. Nature 422, 161 (2003). doi:10.1038/nature01443 Medline

10. A. J. Fleming, The molecular regulation of leaf form. Plant Biol. 5, 341 (2003).
doi:10.1055/s-2003-42718

11. Z. Hejnowicz, J. A. Romberger, Growth tensor of plant organs. J. Theor. Biol. 110, 93
(1984). doi:10.1016/50022-5193(84)80017-X

12. E. Scarpella, D. Marcos, J. Friml, T. Berleth, Control of leaf vascular patterning by polar
auxin transport. Genes Dev. 20, 1015 (2006). doi:10.1101/gad. 1402406 Medline

13. Y. Boutté, Y. Ikeda, M. Grebe, Mechanisms of auxin-dependent cell and tissue polarity.
Curr. Opin. Plant Biol. 10, 616 (2007). doi:10.1016/].pbi.2007.07.008 Medline

14. J. L. Gallois, C. Woodward, G. V. Reddy, R. Sablowski, Combined SHOOT
MERISTEMLESS and WUSCHEL trigger ectopic organogenesis in Arabidopsis.
Development 129, 3207 (2002). Medline

15. G. Sena, X. Wang, H.-Y. Liu, H. Hofhuis, K. D. Bimbaum, Organ regeneration does not
require a functional stem cell niche in plants. Nature 457, 1150 (2009).
doi:10.1038/nature07597 Medline

16. F. Swink, G. Wilhelm, Plants of the Chicago Region (Indiana Academy of Science,
Indianapolis, ed. 4, 1994).

17. E. van der Graaff, A. D. Dulk-Ras, P. J. J. Hooykaas, B. Keller, Activation tagging of the
LEAFY PETIOLE gene affects leaf petiole development in 4rabidopsis thaliana.
Development 127, 4971 (2000). Medline

19

185



18. R. Sarojam et al., Differentiating Arabidopsis shoots from leaves by combined YABBY
activities. Plant Cell 22,2113 (2010). doi:10.1105/tpc.110.075853 Medline

19. M. Aida, T. Ishida, M. Tasaka, Shoot apical meristem and cotyledon formation during
Arabidopsis embryogenesis: interaction among the CUP-SHAPED COTYLEDON
and SHOOT MERISTEMLESS genes. Development 126, 1563 (1999). Medline

20. A. Hasson ef al., Evolution and diverse roles of the CUP-SHAPED COTYLEDON genes
in Arabidopsis leaf development. Plant Cell 23, 54 (2011).
doi:10.1105/tpc.110.081448 Medline

21. G. D. Bilsborough et al., Model for the regulation of Arabidopsis thaliana leaf margin
development. Proc. Natl. Acad. Sci. U.S.A. 108, 3424 (2011).
doi:10.1073/pnas. 1015162108 Medline

22. A. H. K. Roeder et al., Variability in the control of cell division underlies sepal epidermal
patterning in Arabidopsis thaliana. PLoS Biol. 8, ¢1000367 (2010).
doi:10.1371/journal.pbio.1000367 Medline

23. S. Kurup et al., Marking cell lineages in living tissues. Plant J. 42, 444 (2005).
doi:10.1111/7.1365-313X.2005.02386.x Medline

24. B. J. Harrison, J. R. S. Fincham, Instability at the Pal locus in dntirrhinum majus.
Heredity 19, 237 (1964). doi:10.1038/hdy.1964.28

25. E. Truernit ef al., High-resolution whole-mount imaging of three-dimensional tissue
organization and gene expression enables the study of Phloem development and
structure in Arabidopsis. Plant Cell 20, 1494 (2008). doi:10.1105/tpc.107.056069
Medline

26. S. Sauret-Giieto, G. Calder, N. P. Harberd, Transient gibberellin application promotes
Arabidopsis thaliana hypocotyl cell elongation without maintaining transverse
orientation of microtubules on the outer tangential wall of epidermal cells. Plant J. 69,
628 (2012). doi:10.1111/1.1365-313X.2011.04817.x Medline

27. P. Barbier de Reuille, I. Bohn-Courseau, C. Godin, J. Traas, A protocol to analyse
cellular dynamics during plant development. Plant J. 44, 1045 (2005).
doi:10.1111/7.1365-313X.2005.02576.x Medline

28. E. Jones, T. Oliphant, P. Peterson, SciPy: Open source scientific tools for Python (2001);
WWW.SCIpy.org.

29. J. C. Gower, Generalized procrustes analysis. Psychometrika 40, 33 (1975).
doi:10.1007/BF02291478

30. A. Goshtasby, Piecewise linear mapping functions for image registration. Pattern
Recognit. 19, 459 (1986). doi:10.1016/0031-3203(86)90044-0

31. X. Zhang, P. H. Grey, S. Krishnakumar, D. G. Oppenheimer, The IRREGULAR
TRICHOME BRANCH loci regulate trichome elongation in Arabidopsis. Plant Cell
Physiol. 46, 1549 (2005). doi:10.1093/pep/peil 68 Medline

20

186



Molecular Plant

Research Article PARTNER JOURNAL

Systems Biology Approach Pinpoints Minimum
Requirements for Auxin Distribution during Fruit
Opening

Xin-Ran Li'-¢, Renske M.A. Vroomans?-3:¢, Samantha Fox?*, Veronica A. Grieneisen?>,

Lars @stergaard’* and Athanasius F.M. Marée?>*

Crop Genetics, John Innes Centre, Norwich NR4 7UH, UK

2Computational and Systems Biolegy, John Innes Centre, Norwich NR4 7UH, UK

Centre of Excellence in Computational and Experimental Developmental Biology, Institute of Biotechnology, University of Helsinki, 00014 Helsinki, Finland
“Cell and Developmental Biolegy, John Innes Centre, Norwich NR4 7UH, UK

School of Biosciences, Cardiff University, Cardiff CF10 3AX, Wales, UK

5These authors contributed equally

*Correspondence: Lars Ostergaard (lar:
https://doi.org/10.1016/.molp.2019.05.003

gjic.ac.uk), F.M. Marée (marees@cardiff.ac.uk)

ABSTRACT

The phytohormone auxin is implied in steering various developmental decisions during plant morphogenesis
in a concentration-dependent manner. Auxin maxima have been shown to maintain meristematic activity, for
example, of the root apical meristem, and position new sites of outgrowth, such as during lateralroot initiation
and phyllotaxis. More recently, it has been demonstrated that sites of auxin minima also provide positional in-
formation. Inthe developing Arabidopsis fruit, auxin minima are required for correct differentiation of the valve
margin. It remains unclear, however, how this auxin minimum is generated and maintained. Here, we employ a
systems biology approach to model auxin transport based on experimental observations. This allows us to
determine the minimal requirements for its establishment. Our simulations reveal that two altemative pro-
cesses—which we coin “flux-barrier”’ and “flux-passage” —are both able to generate an auxin minimum,
but under different parameter settings. Both models are in principle able to yield similar auxin profiles but pre-
sent qualitatively distinct pattems of auxin flux. The models were tested by tissue-specific inducible ablation,
revealing that the auxin minimum in the fruit is most likely generated by a flux-passage process. Model pre-
dictions were further supported through 3D PIN localization imaging and implementing experimentally
observed transporter localization. Through such an experimental-modeling cycle, we predict how the auxin
minimum gradually matures during fruit development to ensure timely fruit opening and seed dispersal.

Key words: auxin, mathematical modeling, polar auxin transport, fruit development, systems biology of patterning

LiX.-R., Vroomans R.M.A,, Fox S., Grieneisen V.A., @stergaard L., and Marée A.F.M. (2019). Systems Biology
Approach Pinpoints Minimum Requirements for Auxin Distribution during Fruit Opening. Mol. Plant. 12, 863-878.

INTRODUCTION organisms, but with a development that keeps continuously

unfolding, never losing its capability to plastically alter in
Patterning through morphogens is considered one of the first trig- response to environmental cues. It is therefore insufficient to
gers for comect tissue differentiation (Raspopovic et al., 2014, characterize the cells in isolation, mathematical modeling being

Wolpert, 2016). Cell differentiation hinges on the concept of
genetic control, first elucidated for single cells by the pioneering
work of Jacques Monod, an early advocate of a systems view
of living cells (Ullmann, 2011). How the patterning of cell
differentiation is controlled within a coordinated multicellular
structure, however, leads us to go beyond “anything found to be
true of E. coli must also be true of elephants, only more so”
(Jacob and Philip, 1995). Alike elephants, plants are multicellular

required to study the entire tissue and explore its emerging
properties and functionality (Grieneisen et al., 2012). In plants,
tissue fates and their progressive differentiation are steered
by phytohormones and their downstream genetic targets.

Published by the Molecular Plant Shanghai Editorial Office in association with
Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and IPPE, SIBS, CAS.
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Minimum Requirements for Auxin Distribution during Fruit Opening

Figure 1. Modeling Auxin Transport in the
Developing Arabidopsis Fruit.

(A) Silique at stage 17b.

(B) Dehiscence along the valve margin (VM)
(stage 19).

(C) Auxin-signaling minimum at the VM, shown
by DR5:GFP expression.

(D) Schematic transversal cross-section of the
bilaterally symmetric ovary, with tissues indi-
cated, also showing the internal septum that we
do not simulate within this modeling framework.
(E} Schematic of the cylindrical model layout of
the external fruit tissues, visualizing the topo-
logical connectedness.

(F) Zoomed-in portion of (E), displaying approx-
imately one cell row.

(G) Schematic of the model layout of the longi-
tudinal fruit, laid out in 2D, indicating all modeled
tissue types through color coding. Note that here
only half of the fruit tissue is displayed, whereas
simulations were always done on the full, cylin-
drically connected tissue.

(H) Within the model, auxin transport across
plasma membrane as well as diffusion in cytosol
and apoplast (cell wall) at subcellular resolution
are taken into account.

role in the positioning and initiation of whole
organs (Reinhardt et al., 20083), localized
auxin maxima are also crucial for the correct

spacing of serrations at the edge of leaves

Distribution of the phytohormone auxin is facilitated by specialized
proteins, such as PIN efflux transporters and influx transporters of
the AUX1/LAX family (Swarup and Péret, 2012; Adamowski and
Friml, 2015), with many additional transporters and processes
capable of affecting auxin flows (Park et al, 2017). As a
consequence of its rapid, and often polar, transport through plant
tissues, auxin distribution can be quickly and drastically altered
by modifications of the expression levels or cellular localization of
these transport proteins (Grieneisen et al., 2012). In Arabidopsis
thaliana, auxin has been implied in establishing and maintaining
the root apical meristem through an auxin maximum at the stem
cell niche (Sabatini et al., 1999), dynamically formed by means of
an auxin reflux loop (Grieneisen et al., 2007). Dynamic auxin
distribution is also involved in the phyllotactic patteming of the
shoot apical meristem, where lateral organs emerge through
auxin maxima that form as a consequence of neighboring PINs
orienting toward these sites (Barbier de Reuille et al., 2006; Smith
et al., 2006). Finally, auxin accumulation in root pericycle cells
can trigger lateral root initiation sites (Benkova et al., 2003;
Dubrovsky et al., 2008), further amplified by the AUX1/LAX family
(Marchant et al., 2002; Laskowski et al., 2008). In addition to its

864 Molecular Plant 12, 863-878, June 2019 @ The Author 2019.
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cytosol cell wall and xylem-phloem poles (el Showk et al.,
~EH | 2015).

Given the wide implications of auxin maxima
to plant development, the existence of auxin
minima has been largely eclipsed or simply
regarded as inevitable concentration valleys
intercalating maxima. However, functional significance of auxin
minima and their modes of regulation that can be independent
from maxima have been emerging within several contexts,
ranging from phyllotaxis to root development. Extended regions
of low auxin have been shown to be instructive for maintaining
crevices between meristems in the SAM and between leaf inden-
tations (Stoma et al., 2008; Heisler et al., 2010; Caggianc et al.,
2017). Furthermore, the regulated formation and maintenance
of an auxin minimum at the basal root meristem triggers cell
differentiation (Di Mambro et al., 2017). The first evidence of a
functional auxin minimum stems from Arabidopsis fruits, where
depletion of auxin from narrow strips of cells is required for
seed dispersal (Screfan et al., 2009). In contrast to localized
auxin maxima, the mechanistic basis of how such a distinct
minimum can be established is less clear (Grieneisen et al.,
2013) and has not been confirmed experimentally.

Arabidopsis fruits develop into cylindrical siliques composed of
two valves (seed pod walls) that are connected to a central re-
plum (Figure 1A, 1B, and 1D). Intemally, the replum is linked to
the septum from which the seeds will develop (Figure 1D, light
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blue). Specialized cell types differentiate at the border between
the valves and the replum, called valve margin (VM) cells
(Figure 1D and 1G). Late in development, the VM tissue
differentiates into dehiscence zones where cells eventually
undergo cell death, allowing the valves to separate from the
replum and release the seeds in a process known as fruit
dehiscence (Figure 1A and 1B) (Roeder and Yanofsky, 2006).
Prior to formation of the dehiscence zone, the VM cells undergo
a cell division event that leads to the formation of a lignified cell
layer and a layer of cells that mediates the separation through
secretion of cell-wall-degrading enzymes (Petersen et al., 1996;
Spence et al., 1996).

The main tissues that compose the developing fruit are schemat-
ically outlined in Figure 1D-1G, with the lignifying and separation
layer together forming the VM. INDEHISCENT (IND) is a bHLH-
type transcription factor required for VM development (Liljiegren
et al., 2004). One of the functions of IND is to establish an auxin
minimum at the VM prior to dehiscence (Sorefan et al., 2009).
This is achieved at least in part by repressing the PINOID (PID)
gene, which encodes a protein kinase involved in polar
localization of PIN auxin transporter. The auxin minimum is
located at the VM and was shown to be functionally important
for dehiscence (Figure 1C), (Sorefan et al., 2009). It is clear that
this functional auxin minimum requires an active process (rather
than being the inevitable valley of low concentrations that has
to exist between two regions containing maxima), because (j) it
develops in a temporally regulated fashion, unlinked to specific
auxin accumulation in the flanking regions; (i) it is of a striking
qualitative nature, with much lower auxin levels seen in the very
narrow tissue region of the VM, but running longitudinally over
the whole silique; and (jij) the quantitative and qualitative drop
in auxin are directly linked to fruit maturation and dehiscence. It
is thus a developmentally instructive minimum, which in that
sense shares features with the auxin minimum that can be
found at the transition zone in the root apical meristem,
responsible for triggering the switch from dividing to elongating
and differentiating cells. Also in the root, a qualitative and
substantial drop in auxin can be found within a transversally
confined region with developmental relevance; a pattern that is
moreover spatio-temporally regulated and also cannot be ex-
plained as simply a manifestation resulting from neighboring
maxima (Di Mambro et al., 2017). Here, we apply a systems
biology approach to ask how the fruit is able to sustain the
characteristic low auxin concentrations in tissues that are only
two to three cell files wide but longitudinally run over the entire
fruit length. Such a quasi-one-dimensional auxin minimum
directly flanked by plateaus of higher auxin concentrations might
be expected to readily homogenize with the neighboring tissue
(Han et al., 2014), thus abolishing the minimum, except when
active transport processes prevent this from happening. We
therefore question what kind of auxin transporter patterns are
required to form this auxin profile, what processes establish
and maintain the minimum, and what this implies for the auxin
fluxes through the tissue. Note that within this work, we do
not study the dynamical auto-organization of transporter
expression and polarity that would lead to the transporter
patterns themselves.

We therefore combine computational and experimental ap-
proaches to identify the conditions required to maintain such a
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distribution, and, by studying the flux patterns that ensue,
generate novel predictions regarding plausible auxin transporter
functionalities underpinning this process within a specific tissue
context. Using computational modeling, we show that this sys-
tem requires apolar auxin efflux in the VM cells combined with
influx within the surrounding tissue to produce an auxin minimum
at the VMs. Moreover, based on auxin flux predictions in silico
and by perturbing auxin flux in planta, we show that directed
efflux at the VM provides the primary driver for producing the
VM auxin minimum. Interestingly, this process is fundamentally
different from how minima were originally predicted to arise within
the context of canalization models (Mitchison, 1980b, 1981).

RESULTS

Flower and fruit development in Arabidopsis thaliana has been
intensely studied over decades. To facilitate this work, its flower
development was divided into a series of stages based on the
chronological occurrence of specific developmental events
from the initial emergence of floral meristem to the final dispersal
of the seeds (Smyth et al., 1990; Roeder and Yanofsky, 2006). In
this work, we consider events that take place in development
through stages 15-17b when fruit elongation takes place
(15/16), the fruit fully matures, and the VM differentiates into a
dehiscence zone (17b).

First, we used computational modeling to assess the auxin pat-
terns that arise when taking into account known data regarding
the tissue organization of the fruit and the polar localization and
expression levels of the auxin transporters. These auxin trans-
porter localization and expression patterns are not considered
to alter during the course of the simulations. To this end, we
captured the outermost epidermis of the fruit, with its different
cell types, in a multicellular modeling description at a subcellular
resolution (Figure 1D-1H). We display simulation results in a 2D
flattened-out form (Figure 1G). In this description, we assumed
an influx term of auxin from the topmost cells, representing
auxin derived from the style tissue, capturing local apical auxin
biosynthesis (Eklund et al., 2010; Kuusk et al., 2002; Cheng
et al., 2006). In addition, low levels of biosynthesis and decay of
auxin were homogeneously distributed over the whole tissue
within all cells (see Methods and Supplemental Information for
detailed model description, and Supplemental Tables 1 and 2
for parameter values). Auxin dynamics then result from those
reaction terms, combined with diffusion in the cell wall and in
the cytoplasm. We also took into account transport across cell
membranes due to background influx and very low efflux
permeability rates (reflecting the chemiosmotic nature of
auxin transport), together with augmented influx and efflux
contributed by the AUX1/LAXs and PINs (see Figure 1H,
Methods, and Supplemental Information). Such an approach
allows us to quantitatively distinguish between influx- and
efflux-mediated contributions within this modeling framework.
The model describes the characteristic polarity of these cells,
without simulating the underlying dynamics of the intracellular
partitioning itself (Abley et al., 2013; Grieneisen et al., 2013).
Auxin was assumed to freely leave the fruit organ basally,
capturing the connectedness of the fruit to the rest of the plant.

Two different reporters have been used to visualize the auxin min-
imum in the Arabidopsis fruit, namely DR5::GFP (Sorefan et al.,

Molecular Plant 12, 863-878, June 2018 © The Author 2019. 865
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2009) and DII-VENUS (van Gelderen et al., 2016). While the DRS
reporter monitors auxin response gene expression, DII-VENUS is
considered an auxin sensor and is degraded in the presence of
auxin in a TIR1/AFB-dependent manner (Brunoud et al., 2012).
Hence, both report auxin signaling rather than auxin levels, and
we therefore define an auxin minimum here as a region of low
auxin signaling. The auxin minimum at the VM is most evident
at developmental stage 17b (Figure 1C) (Sorefan et al., 2009;
van Gelderen et al., 2016). At this stage, published distributions
of PIN transporters have only reported the presence of PIN3
and only in the valve and replum cells, where it is localized
basally (Sorefan et al, 2009; van Gelderen et al., 2016).
Reflecting this consensus, we firstly considered the patterns
that emerge when PINS is only expressed in the replum and the
valve tissues, using the intensity and localization as observed,
and without taking any additional importers into account. This
was done by attributing higher permeability to specific polar
cell membrane domains (Supplemental Figure 1), promoting
auxin efflux. We call this setting the basic model (see Methods
and Supplemental Information, and Supplemental Tables 1 and
2 for parameter values). Rather than becoming depleted from
the VM, the resultant pattems showed that auxin would instead
accumulate in both the separation and lignifying layers of the
VM (Figure 2A). This indicates that currently reported
transporter distributions are not able to account for the auxin
minimum and raises the question what is needed to generate
the observed auxin minimum.

Minimal Requirements for VM Minimum: Two Basic
Modes

To determine the dynamic activities involved in auxin distribution
at the VM, we next sought to identify the basic necessary condi-
tions that could yield an auxin minimum in the VM in the most
parsimonious manner. Firstly, the large differences in auxin con-
centration over a narrow region, within a tissue that also displays
apical-basal auxin fluxes and large diffusion rates, excludes as
a possible explanation classical reaction-diffusion models of
morphogen patterning, such as those based upon production
and decay. To confer this, we simulated such a production-
breakdown mechanism, removing any differences in transporters
between celltypes (see Table 1), instead limiting auxin production
to replum and valve and confining breakdown to the VM. These
reaction-diffusion simulations show that for a noticeable auxin
minimum to be formed and confined to the VM, the auxin break-
down inthe VM has to be very fast, in fact, at least eight orders of
magnitude larger than what is considered biologically reasonable
(Supplemental Figure 3). Such an extremely fast breakdown
would preclude any relevant non-local phytohormone signaling
(Grieneisen et al., 2012), rendering a production-degradation
mechanism non-viable.

In contrast, two other processes can be envisioned, which are
instead based on modifications of polar auxin transport. The first
possibility, the import-dependent model, is that all tissues,
except for the VM, retain auxin through enhanced import, thereby
sequestering auxin away from the VM; the second, the export-
dependent model, is that the VM itself depletes auxin through
active export as previously proposed (Sorefan et al., 2009). We
tested this import-dependent model through simulations that as-
sume all tissues, except for the VM, are endowed with high levels

866 Molecular Plant 12, 863-878, June 2019 © The Author 2019.
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of apolarly localized influx transporters (see Table 2 for
transporter expression patterns). We found that at typical
parameter values used for auxin influx (Grieneisen et al., 2012;
Di Mambro et al., 2017), only a meagre reduction in auxin at the
VM occurs, compared with the basic model (compare
Figure 2A and 2B). In fact, auxin levels are still higher in the VM
than within the other tissues (Figure 2B). To generate an auxin
minimum  within the VM in an import-dependent manner
(Figure 2C), import permeability via the AUX1/LAX family
importers needs to be at least 20 times larger than the
background influx permeability. Moreover, even when these
differences in permeability are extremely large (for example,
more than 1000-fold), the auxin minimum still never becomes
less than half the level found in the surrounding tissues. In
contrast, when we ran the export-dependent model inthe in silico
fruit by introducing apolar PINs in the VM at reasonable perme-
ability rates (such as previously reported, Grieneisen et al.,
2012), we observed an immediate, striking drop in the auxin
concentrations within the VM (Figure 2D). Thus, our model
suggests that actively exporting auxin from the VM is a more
efficient mechanism to establish an auxin minimum. Combining
both scenarios (combined model), now using reasonable
permeability values for the AUX1/LAX-driven auxin influx, syner-
gistically generated an even more pronounced auxin minimum at
the VM (Figure 2E). To quantitatively explore the difference
between these models, we assessed the effect of the strength
of the apolar exporter in the VM or the strength of the apolar
importer in the valve and replum by calculating the resultant
ratio between the auxin concentration in the separation layer
and in the bordering replum cell (Figure 2F). This ratio
determines the percentage auxin decrease within the VM and
provides a good assessment of the magnitude of the auxin
minimum. Moreover, we concomitantly analyzed the absolute
auxin levels in both tissue types (Figure 2G). By performing a
large parameter sweep, we found that a low level of apolar
efflux activity in the VM (at 10% of the default permeability rate)
is sufficient to generate a minimum. In contrast, only very
strongly augmented import in the surounding tissues (more
than 200% of the default permeability rate) is able to generate
an auxin minimum. Moreover, in the export-dependent model,
apolar exporters in the VM acting at a strength of 70%, compared
with the export permeability in the other tissues, yields a very
well-defined minimum with a depth that the import-dependent
model is unable to generate for any level of augmented import
permeability (Figure 2F). This is partly because the import-
based model is unable to substantially raise the auxin levels in
the replum, whereas increasing efflux activity gave rise to a linear
increase in the absolute concentrations in the replum (Figure 2G).
Moreover, the export-dependent model greatly reduced the
levels in the separation layer in a way that was much more
responsive to alterations in its transporter activity than found
for the import-dependent model (Figure 2G). This sensitivity
analysis shows that local transport modifications in the VM,
under the efflux-dependent scenario, can have spatially long-
reaching effects in other tissues.

Experimental Confirmation of PIN Localization in the VM

Our simulations strongly suggested that apolar PIN localization in
the VM cells is necessary and sufficient to generate an auxin min-
imum in the VM. This is in agreement with the findings of Sorefan
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(A) Basic model, based on currently published transporter expression, predicts an auxin maximum, rather than minimum, in the VM; right inset shows
details of minimum, by showing a magnified, one-cell-high portion of the left VM, including an outer adjacent valve cell and an inner adjacent replum cell.
(B and C} Import-dependent model shows that when all tissues except the VM have augmented influx activity, the minimum does not form under
reasonable auxin importer fransporter rates; as seen through right inset of magnified VM {B}. In contrast, the minimum is only established under very high
transporter rates (background influx set at Py = 5 um/s; augmented influx at Peaxs = 100 um/s} (C}, with right inset showing corresponding VM minimum.
(D) Export-dependent model reveals that the default rate of apolar efflux within the VM is sufficient to create an auxin minimum, as seen in detailin the right
inset.

(E) A combination of apolarly localized efflux transporters and VM-specific lack of influx transporters (combined model) strengthens the auxin minimum,
as seen in detail in the right inset.

(F and G) Both strengthening apolar exporters in the VM (blue line, export-dependent case) and apolar importers in the valve and replum (red line, import-
dependent case} lead to a decrease in the ratio between the auxin concentration in the separation layer and in the bordering replum cell (F), as well as a
decrease in the absolute auxin levels within the separation layer (G, solid lines). Auxin levels in the replum, however, increase with increasing transporter
strength in the export-dependent model, but only marginally depend on the transporter strength in the import-dependent model (G, dashed lines).

(H) Effect of those transporters on the total transversal fluxes crossing the VM (i.e., perpendicular to the VM). The x axes in (F-H) indicate the relative
strength of either the VM-specific exporter (blue), or the augmented importer in the valve and replum {red), as a percentage of the default transport rates.
(1} The fluxes crossing the VM transversally plotted against the VM minimum (as calculated in F), on a log-log scale. Details of parallel fluxes are shown in
Supplemental Figure 2, and the description of average flux calculations is given in the Supplemental Information. Dashed-dotted lines indicate where the
auxin level in the VM is equal to the surrounding tissue, i.e., below which an auxin minimum is formed; thin line indicates where the auxin level in the VM is
5% of the level in the surrounding tissue. Color bar indicates auxin concentrations in {A-E). Arrowheads in (A-C) indicate position of VM.
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Upper- Upper- Inner- Inner- Lower- Lower- Outer- OQuter-
outer inner upper lower inner outer lower upper
Basic Model
PIN3
Replum 0 0 0 05 1 1 0.5 0
Valve 0 0 0 0.5 1 | 0.5 0
Import-Dependent
PIN3
Replum 0 0 0 0.5 1 1 0.5 0
Valve 0 0 0 05 1 1 0.5 0
LAX1
Replum 1 1 1 1 1 1 1 1
Valve 1 1 1 1 ] 1 1 1
Export-Dependent
PIN3
Replum 0 0 0 05 1 1 0.5 0
Separation layer 1 1 1 1 1 1 1 1
Lignifying layer 1 1 1 1 1 1 1 1
Valve 0 0 0 0.5 1 1 0.5 0
Combined
PIN3
Replum 0 0 0 05 1 1 0.5 0
Separation layer 1 1 1 1 1 1 1 1
Lignifying layer 1 1 1 1 1 1 1 1
Valve 0 0 0 05 1 1 0.5 0
LAX1
Replum 1 1 1 1 1 1 1 1
Valve 1 1 1 1 1 1 1 1
Production Decay
PIN3
Replum 0 0 0 05 1 1 0.5 0
Separation layer 0 0 0 05 1 1 0.5 0
Lignifying layer 0 0 0 05 1 1 0.5 0
Valve 0 0 0 05 i 1 0.5 0

Table 1. Relative Auxin Importer and Exporter Strengths at the Different Facets along the Plasma Membrane, as Used in the Conceptual

Models.

The facets are as depicted in Supplemental Figure 1, denoted as major-minor orientation. Values are only given for cell types that contain the specific

transporter.

et al. (2009) who demonstrated that the VM-specific transcription
factor INDEHISCENT (IND) is required for the minimum to form and
is a repressor of the PINOID (PID) gene. PID encodes a protein
kinase involved in the regulation of PIN polarization (Benjamins
et al., 2001; Friml et al., 2004); however, whereas ectopically
polarized PIN3-GFP was detected across all cellfiles in ind mutant
fruits, no signal could be detected at the VM of wild-type fruits by
the confocal microscopy setup used (Sorefan et al., 2009).

Therefore, to further test the prediction that enhanced auxin efflux
occurs at the VM, we analyzed reporters of PIN expression and

868 Molecular Plant 12, 863-878, June 2019 © The Author 2019.

localization during the late stages of fruit development. Confocal
imaging confirmed previous observations that PIN3 is expressed
in the valves of the Arabidopsis fruit at stage 17b and that the
PIN3-GFP protein is primarily localized at the basal side of the
cells (Figure 3A and 3F) (Sorefan et al., 2009). Previous
research suggested the existence of apolarly localized PIN
efflux carriers in the VM, but was unable to detect this (Sorefan
et al., 2009). Indeed, visualizing confocal Z stacks in 3D using
VolViewer software (Lee et al., 2006) revealed low PIN3::PIN3-
GFP expression at the VM with apolar localization of the PIN3-
GFP protein (Figure 3l and 3J; Supplemental Video 1 for a clear
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Upper- Upper- Inner- Inner- Lower- Lower- QOuter- Outer-
outer inner upper lower inner outer lower upper
Stage 17b
PIN3
Replum 0 0 0 0 0.8 0.8 0 0
Separation layer 02 0.2 0.2 02 02 02 02 02
Lignifying layer 0.2 0.2 02 02 02 02 02 0.2
Valve 0 0 0 0.4 1 1 04 0
PIN7
Valve 0 0 0 0 [1 [1 [o [o
LAX1
Replum 1 1 1 1 1 1 1
Valve 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Stage 16
PIN3
Replum 0.8 0.8 0.4 0.4 08 08 0.4 0.4
Separation layer 0.2 0.2 0.2 02 0.2 02 0.2 0.2
Lignifying layer 02 0.2 02 02 02 02 0.2 02
Valve 0 0 0 0.4 1 1 0.4 0
PIN7
Replum 0 0 0 0.1 0.1
Valve 0 0 0.2 0.2 1 0.2 0.2
LAX1
Replum 1 1 1 1 1 1 1
Valve 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Stage 15
PIN3
Replum 0.8 0.8 0.4 0.4 0.8 08 04 0.4
Valve 0 0 0.4 1 1 0.4
PIN7
Replum 0 0 0.1 0.1
Valve 0 0 0.2 0.2 1 0.2 0.2
LAX1
Replum 1 1 1 1 1 1 1 1
Valve 0.8 0.8 0.8 0.8 08 08 0.8 08

Table 2. Relative Auxin Importer and Exporter Strengths at the Different Facets along the Plasma Membrane, as Used in the Detailed

Models.

The facets are as depicted in Supplemental Figure 1, denoted as major-minor orientation. Values are only given for cell types that contain the specific
transporter. Matrixes for stage 17b and 16 are semi-quantitative approximations based upon careful {(human) assessment of the microscopy images,

as depicted in Figures 3 and 5, respectively.

3D view). These data suggest that PIN3 contributes to auxin efflux
from the VM into the surrounding tissues. Also a PIN7::PIN7-GFP
reporter (Blilou et al., 2005) was found to be expressed at this
stage, specifically in the valve, albeit at lower levels than PINS.
No expression, however, could be detected in the VM
(Figure 3B and 3G). Finally, a LAX1::LAX1-VENUS reporter was
found to be also expressed at this stage, in the valve and at
particularly high levels in the replum, while—in agreement with

the computational model—expression was restricted from the
VM domain (Figure 3C and 3H). Interestingly, the LAX1 pattern
mimics the expression pattern of the auxin-signaling reporter
DR5::GFP, which also presents a high signal in the replum at
this stage (Figure 3D). In addition to these reporters for PING,
PIN7, and LAX1, we tested reporters for PINT, PIN4, AUX1,
LAX2, and LAX3, but were unable to detect their expression in
the fruit at the developmental stages studied in this manuscript.
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We next questioned whether the observed PIN3 and LAX1 levels
and localization would also quantitatively be sufficient for gener-
ating the observed VM auxin minimum and patterning (Figures 3D
and 1C). To answer this, we translated the experimentally
observed fluorescence values of PIN3, PIN7, and LAX1
(Figure 3A-3C), which were captured using a fixed laser
intensity into values ranging from 0 to 1, where 0 corresponds to
no enhanced permeability and 1 corresponds to maximum

870 Molecular Plant 12, 863-878, June 2019 @ The Author 2019.

in silico auxin pattern
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Figure 3. Detailed Analysis on Actual Trans-
porter Localizations at Stage 17b

(A) PING:=PING-GFP.

— (B) PIN7::PIN7-GFP

(C) LAXTLAXT-VENUS.

(D) DR5::GFP.

(E) Simulation using imaged transporter localiza-

tion and levels at stage 17b and tissue size and

layout of that stage presents minimum at VM and

elevated levels in the replum, in agreement with

[

the experimentally observed auxin-signaling

pattern

(F-H) Detailed insets from (A-C), as indicated.

(1and J) (l) Detailed image showing apolar PIN3

localization, with (J} showing further magnifica-

tion of PIN3 localization within a VM region indi-

cated by a white rectangle in (). Arrowheads

indicate the position of lateral PIN3-GFP in the

VM.

(K) Inset from (E}, as indicated.

(L) Magnified right portion of the VM, indicating in

detail the auxin minimum in (K).

See Supplemental Figure 4 for further supporting

- experimental images. Scale bars: 1 mm for (A-D);

200 pm for (F=H}; 100 um for (I). Color coding of
auxin levels as indicated in Figure 2.

T

transport permeability rates, for each

combination of transporter, cellular polar

domain (Supplemental Figure 1), and tissue

(Figure 1E). Table 2 provides all the image-

derived normalized permeability rates. For

simplicity, we assumed a linear relationship
between fluorescence levels and transport
strength, ignoring potential saturation in
transport, non-linearity in the relationship
between fluorescence and protein levels,
and transporter post-precessing affecting
transport strength. Highest overall observed
fluorescence levels for each individual trans-
porter were used to normalize the perme-
ability rates. For the spatial simulation, we
measured the typical width and height of in-
dividual cells belonging to a specific cell type
from the experimental images, as well as the
number of cell rows and cell files within each
tissue. We then ran in sifico simulations of
auxin dynamics, incorporating the experi-
mentally derived transporter patterns and in-
tensities with the experimentally derived fruit
layout (Figure 3E). Under these settings,
the simulation resulted in an auxin pattern
with a minimum matching that observed
experimentally (Figure 3K and 3L). Furthermore, the simulation
captured other aspects of the observed auxin pattern, in
particular the significantly higher auxin levels in the replum
compared with the valve. Note that the transporter quantification
was done independently, before running the simulations, and not
modified a posteriori, to prevent bias. We therefore conclude
that the observed PIN3 levels, in conjunction with LAX1 levels,
can account for the auxin minimum.
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The VM: A Flux Passage or a Flux Barrier?

The models described above show that the VM minimum can
be established through tissue-specific expression pattems of
either influx carriers at high activity levels (Figure 2C) or efflux
carriers (Figure 2D), or through an appropriate interplay of both
(Figure 2E). When we subsequently sought to test these
processes experimentally, we obtained evidence supporting
both. Indeed, realistic simulations (Figure 3E) revealed that the
experimentally observed transporter distributions are able to
generate the auxin minimum as well (Figure 3K and 3L). It is
difficult, however, to assess only by means of GFP transporter
expression patterns what the relative contribution of the
influx and efflux carriers are to the resultant pattern, i.e., which
effective process/mechanism is predominantly being deployed.
Moreover, single transporter mutants are notoriously difficult
to interpret, due to redundancy and compensation (Blilou
et al., 2005; Grieneisen and Scheres, 2009), rendering a
systems biology approach to the problem necessary. Our initial
parameter sweep suggested that an efflux-dependent process
is primarily involved in producing the VM minimum, while the
importer-based process only makes a minor contribution
(Figure 2F and 2I). A putative candidate for the implementation
of the efflux-dependent model is via PINs. However, an important
confounding factor for the modeling is that fluorescence is not a
direct indication of the actual permeability rate and a full-strength
PIN3 permeability might therefore be very different from a full-
strength LAX1 permeability. Therefore, even though our analysis
(Figure 2F and 2G) showed that to produce a comparable
auxin minimum, much higher augmented influx permeability
rates are required (for example, via LAX1) than localized efflux
rates (possibly, through PIN3), neither the experiments nor
simulations presented can convincingly conclude that the
efflux-based process is indeed the predominant process by
which the minimum is established. Moreover, it is possible that
other transporters, such as ABCBs (ATP-binding cassette trans-
porters of the B subfamily) (Bandyopadhyay et al., 2007; Geisler
et al., 2017), might be functionally present as well. In short,
despite our finding that PIN3 localization at the VM is
supportive of the active efflux-dependent model, the LAX1
expression observed in the surrounding tissues likewise supports
the alternative hypothesis that sequestering auxin by the other
tissues could be a driving process for generating the minimum.
As both scenarios generate similar outcomes on the level of auxin
distributions under appropriate parameter conditions, we sought
an additional and alternative observable to distinguish between
them.

We found that although both processes are able to generate qual-
itatively similar steady state auxin patterns, the auxin fluxes under-
lying them are both qualitatively and quantitatively very different
(Figure 2F and 2H; Supplemental Figure 3). At the location of the
auxin minimum, in the VM, the import-based process shows negli-
gible auxin throughput over and along the VM (Supplemental
Figure 3L and 3Q). In contrast, while still maintaining very low
auxin levels at the VM, the efflux-based scenario yields consider-
ably higher fluxes over the VM, transversally connecting the valve
to the replum (Supplemental Figure 3M and 3R) through
perpendicular fluxes across these cell files. Also the combined
model would predict such transversal flows (Supplemental
Figure 3N and 3S). To further quantify these patterns, we

Molecular Plant

calculated how the fluxes through the VM depend on the
strength of the apolar exporter in the VM or on the strength of
the apolar importer in the valve and replum. Interestingly, while
the import-dependent scenario presents decreasing overall fluxes
with decreasing auxin levels (Supplemental Figure 2C, for total flux
magnitudes) with negligible and decreasing transversal fluxes
across the VM, as would be the intuitive expectation, the efflux-
dependent scenario in contrast presents increasing fluxes across
(i.e., perpendicular to) the VM (Figure 2H) with decreasing auxin
levels within the VM (Figure 2F, 2G and Supplemental Figure 2A
and 2C). In short, the export-dependent scenario, by removing in
all directions any auxin that enters these cells, generates an effec-
tive flux-passage-type process, allowing auxin to cross these files
transversally. In contrast, the import-dependent case, preventing
the entrance of auxin in the first place, generates a flux-barrier-
type process, although a small level of parallel fluxes does linger
(Supplemental Figure 2B). Plotting the relative strength of the
minimum against the total fluxes that cross the minimum
perpendicularly (Figure 2I) further illustrates this behavior: for a
quantitatively similar minimum (e.g., of 5%, as indicated in the
figure), the flux-barrier and the flux-passage processes present
a 100-fold difference in regard to the resultant transversal auxin
fluxes.

Note that also canalization models, as first proposed by
Mitchison (1980a), predicted high auxin fluxes along veins
containing lower auxin concentrations than the surrounding
tissue. These models were based on the premise that fluxes
effectively self-enhance themselves, triggering thereby a self-
organized vasculature patterning. Subsequent experimental
observations, however, showed that leaf veins actually have
high auxin concentrations (Mattsson et al., 2003). Moreover, the
nature of the fluxes as presented by the paradigmatic
canalization mechanism are very different from the ones
predicted by the flux-passage mechanism we report here. In
our model, high fluxes occur across the quasi-1D structure of
the VM and actually increase as transporter activity parameters
strengthen the minimum; in contrast, the fluxes occurring
along the VM do not increase as the minimum deepens
(Supplemental Figure 2A and 2B). This contrasts to the
behavior resulting from canalization models, where there are
negligible fluxes crossing the veins perpendicularly, but large
fluxes parallel to them.

While our computational model of auxin dynamics and patterning
allows us to directly assess the underlying fluxes that result from
any given transporter configuration, this is not possible experi-
mentally. To overcome this, we hypothesized that physically
blocking the auxin passage over the VM may allow for an indirect
test of which flux mechanism is involved. In the case of a flux-
passage process, blocking the VM should result in noticeable
alterations in the auxin concentrations in the flanking tissues,
while in the flux-barrier scenario, such a physical obstruction
should only result in marginal differences in the auxin distribution
within flanking tissues. Such differences, or lack of differences, in
auxin concentration should be experimentally trackable through
the DR5 auxin-signaling reporter and would allow us to assess
whether the flux-passage process (PIN-mediated efflux from
the VM) or flux-barrier process (LAX-mediated influx from sur-
rounding tissue) predominates.
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Figure 4. Interfering with the Auxin Fluxes through the VM.

(A and B) Modeling predicts that if the auxin minimum is solely due to
lack of augmented influx activity in the VM, then partly (A) or fully (B}
ablating the VM only slightly changes the auxin levels in the valve and
replum.

(C and D) In contrast, if the auxin minimum were due to apolar PIN3 in the
VM, then partly (C} or fully (D} ablating the VM strongly affects the auxin
levels in those tissues. To better illustrate the impact, only the VMs
flanking one of the repla are ablated.

(E and G) DR5:GFP in control treatment (E} and after DEX-induced VM
ablation (G).
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We first explored what effects ablating portions of the VM would
yield in both contrasting scenarios. However, introducing a small
in silico ablation at the VM in either the influx-dependent or efflux-
dependent model (see Supplemental Information for modeling
implementation) did not generate any noticeable changes in the
auxin distributions (Supplemental Figure 5F-5l), despite them
displaying distinct flux-barrier and flux-passage processes,
respectively. Further in silico ablations revealed that only larger
extents of VM obstruction cause noticeable changes in the auxin
pattern (Figure 4C), with the model displaying the flux-passage
process showing only a modest increase in the replum upon
ablation, while the alternative medel, the flux-barrier process, is
unaffected (compare Figure 4A with 4C). Note that we assume
for the in silico ablations that all domains maintain fixed PIN
distributions and intensity, both before and after ablation.
Hence, dynamical changes in auxin profiles and flux patterns
that can be observed are solely due to VM ablation. (Although
transporter reorientations might occur at longer timescales after
ablation, we do not consider them within this modeling
framework.)

We therefore realized that to experimentally verify the predicted
distinction between the processes, only partially ablating the
VM might not be sufficient. Indeed, small ablation extensions re-
sulted only in minor effects (Supplemental Figure 5, Methods, and
Supplemental Information for details). However, when ablating
larger extents, changes in the auxin profile did occur, especially
close to the VM, but in a very inconsistent and irreproducible
manner (Supplemental Figure 5, and Dryad Repository for
additional images). Although some ablation experiments
provided support for the hypothesis that underlying fluxes are
at play passing through the VM’s auxin minimum, it also
revealed the sensitivity of these experiments to the extent of
the ablated region, and to possible wound damage responses
in the surrounding tissues, given the large extent of tissue being
laser ablated. Therefore, we sought an altemative method to
test the medel predictions.

From the simulations, it also became clear that even if a small re-
gion of the VM is kept intact after ablation, this will be sufficient to
redistribute part of the auxin that would otherwise have accumu-
lated alongside the VM, thereby obscuring the effect of the
obstruction (compare for example, Figure 4C and 4D). In order
to achieve the blockage of the whole VM, we therefore
developed an inducible BARNASE system, for expression
specifically at the VM. The BARNASE gene encodes a powerful
toxin, which upon expression will stimulate cell death. In order
to keep its toxic effect confined to the cell expressing it, the
BARNASE gene is fused to its inhibitor, BARSTAR (Beals and
Goldberg, 1997). In the two-component system employed here,
the VM-specific IND promoter drives the expression of the
LhGR transcription factor (LhG4 transcription factor fused to
the Glucocorticoid Receptor), while the BARNASE-BARSTAR
gene is under control of the pOp promoter recognized by the
LhGR protein. Upon treatment by dexamethasone (DEX), the
LhGR protein produced in the VM will enter the nucleus and

(F and H} Predicted auxin pattern using the full model for stage 17b (F)
after VM ablation (H).

Scale bar: 200 um for (E and G). Color coding of auxin levels as indicated
in Figure 2.
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induce expression of the toxin. The effect of inducing the
IND>GR>BARNASE-BARSTAR system can be seen after
3-9 days of treatment (see Methods), with scanning electron
micrographs showing the damaged VM cells (Supplemental
Figure 7). Importantly, the effect is highly local, as the wound-
induced reporter line WIND1::GUS is only expressed in the VM
cells (Supplemental Figure 7). The genetic ablation of the VM
cells was verified using an mChenmy marker for the plasma
membrane (PM) (Nelson et al., 2007). Without DEX treatment,
this line clearly marks the VM cells, whereas the PM of these
cells has disappeared in the presence of DEX (Figure 4E and
4G). Therefore, this system allows us to induce cell death of the
entire VM in a temporally controlled manner, without causing
collateral damage to the surrounding tissues. In contrast to the
control treatment (Figure 4E), such a chemically induced
obstruction of the VM, at stage 17b, resulted in a consistent
and significant drop of auxin in the replum cells directly flanking
the VM, as well as a rise in auxin in the valve cells (Figure 4G).
The observed pattern closely corresponded to the pattern
predicted by modeling full ablation in the situation in which
differences in efflux camiers yield the flux-passage process
(Figure 4D, with the VMs flanking the left replum being ablated
while the ones flanking the right replum stay intact, for
straightforward comparison). In our ablation simulations, only
cell death (total impermeability) of the VM tissue was taken into
account, using the assumption that no changes in transporter
intensity and localization in the adjacent tissues occurred. To
establish if this is a reasonable assumption, we crossed
PIN3:PIN3-GFP with the IND>RG>BARNASE-BARSTAR line to
be able to observe PIN3 intensity and localization after chemical
ablation of the VM at 9 days after the initialization of DEX treat-
ment. No noticeable changes in PIN3 intensity or localization
were observed in the replum or valve after chemical ablation of
the VM, supporting the modeling assumption of unaltered trans-
porter patterning (Supplemental Figure 8). The dynamic effect of
VM ablation on auxin levels (Figure 4E-4H) therefore indicates
that transversal auxin fluxes are taking place at the VM at stage
17b even though the auxin levels themselves are low. Taken
together, these results predict that the auxin minimum
predominantly involves active efflux across the VM, with lower
influx possibly contributing to the depth of the minimum. In
addition, our combined modeling and experimental data
suggest that differences in transporter patterns within the valve
and replum underlie the constant flux over the VM.

The auxin minimum at the VM plays a well-defined developmental
role in maintaining the position and regulating the temporal timing
of dehiscence. We therefore next analyzed the temporal regula-
tion of the minimum.

Efflux: Digging Deeper into the Minimum

The results described above from experimentally induced tissue
perturbations support the notion that auxin efflux at the VM plays
a central role in the auxin minimum formation. Based on imaging,
PIN3 may be a key factor in this process, although we cannot
exclude the action of yet unknown auxin exporters in this region.
Thus far, our analysis was confined to a single developmental
stage, 17b (Figure 5A and 5B). If the expression patterns that
we took into account to explain that specific developmental
time points are indeed determining the auxin and flux patterns,
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we would expect that observed differences in transporter
expression at other stages should roughly correlate with the
predicted auxin patterns at those different stages as well.
With this in mind, we extended our analysis to an earlier
developmental stage, 16, and generated a detailed map of
relative permeability rates based on PIN3, PIN7, and LAX1
localization and intensity patterns (Figure 5C and Supplemental
Figure 9, and Table 2). The main developmental difference
considered between stages 17b and 16 is that at stage 16,
PIN3 is more abundant in the replum, while PIN7 is slightly
more abundant in the valve, as is LAX1. Running the model
generated auxin distributions that matched observed auxin-
signaling patterns of DR5::GFP (Figure 5D and 5E). Notably, the
auxin minimum in the early stages was not as prominent as
during later stages (when comparing stage 16 and 17b)
(Figure 5A, 5D, 5B, and 5E), as reported previously (Sorefan
et al., 2009; van Gelderen et al., 2016).

We extrapolated these insights to an even earlier developmental
time point, around stages 14-15, based upon recently published
dataregarding this stage (van Gelderen et al., 2016). We captured
this earlier stage by reducing the strength of PIN3 in the VM.
Moreover, the number of cell files was reduced taking into
account that the VM at stage 15 has not yet undergone the
asymmetric cell division that specifies the separation and
lignified cell layers (Supplemental Figure 6F and 6H) (Wu et al.,
20086). The resultant auxin pattern for this early stage reveals
higher auxin levels at the VM (Figure 5F) compared to stage 16
(Figure 5D). Thus, when VM-localized efflux is lower, auxin
levels are predicted to be substantially higher, suggesting that
the fruit ripens by gradually transiting from an initial auxin
maximum at the VM to an auxin minimum later in development.
These high auxin levels result from the fact that VM cells at
early stages have a higher perimeter-to-area ratio, thereby gain-
ing more auxin through the chemiosmotically biased influx
(Supplemental Figure 6B and 6F), as well as from reduced
auxin efflux activity (Supplemental Figure 6C and 6G). The
sequence of DR5 expression patterns therefore matches the
auxin pattern predicted by the model in a qualitatively temporal
fashion (van Gelderen et al., 2016).

DISCUSSION

Auxin maxima have been studied extensively for a wide set of
plant systems, and different modes of auxin maximum forma-
tion have been inferred (Grieneisen and Scheres, 2009;
Grieneisen et al., 2012). The relative role of importers and
exporters for auxin accumulation has been theoretically
explored, showing that interplay between export and import
can be critical (Kramer, 2004; Band et al., 2014). However, for
such quantitative evaluation to be made, in silico plant
models require the cell-wall compartment to be taken into
account explicitly, as was done here. Only when this
apoplastic compartment is explicitly treated can correct units
of permeability for the exporters/importers be used, their
functional role be separated, and hence their quantitative
contributions be assessed (see also Kramer, 2004; Abley
et al., 2013; el Showk et al., 2015). Hence, for a systems
biology approach to reveal the processes of auxin transport
underlying developmental patterning, one must treat the
multi-scale nature of the transport phenomena, as done here.
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Figure 5. Temporal Development of the VM Minimum.

(A and B} Auxin patterning as predicted by the model (A) and experimentally observed (B) during stage 17b.
(C-E) (C) PIN3:PIN3-GFP (top); PIN7:PIN7-GFP (middle); LAX1:LAX1-VENUS (bottom) at stage 16, with (D and E} auxin patterns as predicted by the

model (D} and experimentally observed (E).

(F) Predicted auxin patterns using the full model for stage 15. (A, D, and F}illustrate the formation of the auxin minimum in the VM and build-up of auxin in
the replum over time. Scale bars as indicated. Color coding of auxin levels as indicated in Figure 2.

Moreover, the mechanisms underlying instructive auxin minima,
defined as regulated and biologically functional regions of lower
auxin signaling, have not yet been mechanistically analyzed to
the same extent as maxima. It was recently established that the
regulated maintenance of an auxin minimum at the basal root
meristem triggers cell differentiation (Di Mambro et al., 2017).
This work provided a mechanistic and genetic explanation for
how another important phytohormone, cytokinin, controls
and positions this minimum through auxin degradation and
alterations in polar auxin transport. In the root system, as a
consequence of the continuous growth of the root tip
accompanied by a continuous spatial translocation of the

874 Molecular Plant 12, 863-878, June 2019 @ The Author 2019.

phytohormone patteming, cells rapidly transit through that
auxin minimum, triggering swift auxin variations within each
cell. In contrast, the auxin minimum in the silique is much more
constrained, extending over the whole longitudinal dimension of
the fruit while being only two to three cell files wide. Mereover,
cells are confined to this pattern, suggesting a very different
mechanism for auxin minimum formaticn and information
processing. Indeed, here we show, combining spatial modeling
and experiments in a systems biology approach, that there are
two contrasting processes that could account for the stripes of
auxin minimum observed at the VM of the Arabidopsis fruit.
Those processes are indistinguishable at the level of relative
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auxin distributions. Our modeling indicates that the efflux-
dependent “flux-passage” process, relying on active apolar
exporter activity at the VM, is more robust than the “flux-barrier”
process, which relies on augmented influx into the surrounding
tissues. Moreover, the flux-passage process also appears more
likely, given its convincing performance within a reasonable
permeability range. Visualization of microscopy images in 3D
confirmed that PIN3 is co-expressed with the auxin minimum
and that the PIN3 protein is apolarly localized, providing support
for the flux-passage process. We therefore propose that a rise in
PIN3 levels may be associated with a gradual transition of the fruit
from presenting an auxin maximum in the VM at early stages
(stage 15; van Gelderen et al., 2016) to displaying an actual
minimum at stage 17b. This process is correlated with the
ripening of the fruit.

Interestingly, we found that the auxin minimum in the VM at
stage 17b is obtained and maintained despite significant trans-
versal fluxes across that tissue. Obstructing the VM tissue both
in silico and in vivo over its entire longitudinal extension resulted
in similar changes in the auxin distribution to emerge, confirm-
ing the somewhat counterintuitive notion that the VM, although
presenting stable low auxin levels, is nevertheless presenting a
rich auxin flux pattern. The in silico results were built upon the
assumption that transporters’ intensity and localization in the
replum and valve did not alter, which was experimentally veri-
fied for PIN3. PIN3 is expressed in the valve and is the only
PIN transporter found to be expressed in the replum tissue dur-
ing fruit development. However, we cannot ascertain that other
transporters (besides PIN3) might have been altered due to the
chemical ablation, underlying the observed auxin alterations.
Nevertheless, even if other transporter patterns did change,
this would not negate the flux-passage model per se as a likely
cause, for such a (non-observed and hypothetical) response
would likely be the changes in the auxin patterning or fluxes
themselves, and such changes after ablation are only predicted
to be triggered within the flux-passage model. We acknowledge
that the development of additional crosses between the IN-
D>GR>BARNASE-BARSTAR system and GFP-tagged trans-
porters would be beneficial, since following these inducible
lines on a fine-grained timescale would determine exactly if
and how changes in auxin and auxin fluxes might unleash trans-
porter modifications, in their turn further affecting the auxin
levels and fluxes. Taken together, these results already demon-
strate that the flux-passage process is most likely the predom-
inant process, while the flux-barrier process plays a minor role.
Such an inverted relationship between low concentrations and
high fluxes may be counterintuitive, and can be easily over-
looked as a plausible mechanism for patterning.

To our knowledge, the only other instance in which similar come-
lations have been drawn between low concentrations and high
fluxes are the canalization models to describe vein formation
(Mitchison, 1980a, b, 1981; Sachs, 1975, 1981, 1991a,b;
Feugier et al., 2005). In those models, “with-the-flow™”
assumptions link PIN positioning to fluxes, yielding low
concentrations within veins. Although the thinking behind these
models has played a huge part in developing plant systems
biology as a discipline, the models themselves incorectly
predicted low auxin levels in the veins, in contrast to the
experimentally revealed high auxin concentrations (Mattsson
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et al., 2003). Here, for the Arabidopsis fruit, we support a high
flux-low concentration scenario also experimentally. Secondly,
canalization models are based on heuristic rules regarding PIN
auxin feedbacks, in which it is assumed that cells respond to
measuring devices that are not yet supported by known molecu-
lar processes, as pointed out by Mitchison (1980a, 1980b, 1981),
Feugier et al. (2005) and others (Bennett et al., 2014). In
contrast, we built our model using observed and analyzed
molecular biological data. Thirdly, even when not considering
the mismatch between actual leaf data and canalization
predictions, it remains that the resultant fluxes within these
models solely form along the vein/minimum, not across it
(Feugier et al., 2005). Hence, the directionality of the fluxes
in relation to the orientation of the minimum is an
important predictor to distinguish between the processes. We
demonstrated empirically that relevant perpendicular fluxes
underly the low concentration fields through our ablation
interferences, driven by a systems understanding of the auxin
minimum formation.

Finally, we have shown that to realistically enable the flux-
passage process, an exporter-based scenario is far more robust
and likely, for which the inclusion of the cell-wall compartment is
essential (Kramer, 2004; el Showk et al., 2015); Grieneisen and
Scheres (2009). Interestingly, we here find that a flux-passage
process is not only more robust over parameter space but dis-
plays additional intriguing behavior, such as effectively connect-
ing tissues over larger domains through fluxes while being sepa-
rated by a concentration minimum. While it is well established
that auxin is developmentally instructive through local concentra-
tions within cells, it has been shown that the auxin fluxes them-
selves can also be informative (Prusinkiewicz et al., 2009;
Bennett et al., 2014; Cieslak et al., 2015). If concentrations and
fluxes can indeed be perceived independently by cells, then the
decoupling of concentration and flux patterns shown here may
help explain some of the amazing versatility of responses to the
phytohormone auxin.

METHODS

Plant Material and Growth Conditions

Plants were grown under long-day conditions (16-h light/8-h dark) at
22°C. Reporter lines of DR5::GFP (Friml et al., 2008), PIN3::PIN3:GFP
(Zadnlkova et al., 2010), PIN7:PIN7:GFP (Blilou et al., 2005),
LAX1::LAX1:VENUS (Robert et al., 2015), WIND1::GUS (lwase et al.,
2011), and PM-mCherry (Nelson et al., 2007) were in Col-0 background.
Plants were grown in small individual cells in a (maintained
at approximately 21°C) in Arabidopsis soil mixture (ratio of Levington F2
600 L peat: 100 L 4 mm grit: 196 g Exemptor (chloronicotinyl insecticide)).

Construct of IND::GR>>Barnase-Barstar

A 2.5 kb IND promoter was amplified from Arabidopsis genomic DNA
and cloned into the Gateway donor vector pDONR207, then recombined
into the vector pBIN-LR-LhGR2 (Craft et al., 2005) to produce INDp-
LhGR2. The Barnase-Barstar coding sequence was cloned into the
Gateway donor vector pDONR201, then recombined into the vector pO-
pIn2 (Craft et al., 2005), which contains pOp6 promoter to produce
pOp6-Barnase-Barstar. Finally, the INDp-LhGR2 fusion fragment was
digested by Ascl and inserted into the vector of pOp6-Barnase-Barstar
to generate INDp-LhGR2-pOp6-Bamase-Barstar (IND::GR>>Bamase-
Barstar). The construct was introduced into Agrobacterium tumefaciens
strain AGL1 for transformation into Col-0 plants.
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Dexamethasone Treatment

Inflorescence and siliques were dipped in the solutions containing 10 M
DEX (Sigma-Aldrich) and 0.015% Silwet L-77 for 5 s and treated every
2 days. Relatively mild doses were used to prevent that the ensuing cell
death would also cause mechanical separation and disintegration of the
fruit tissue, which could be observed at higher doses. At the treatment in-
tensity used, it took several days to a week to obtain complete cell death
of the VM. Hence, images of stage 16 fruits (floral organs withering and
falling from the fruits) were obtained at 3 days after the first treatment
and images of stage 17b fruits (fully elongated and expanded fruits)
were taken at @ days after the first treatment.

Confocal Microscopy

Fluorescent images were taken on a Zeiss LSM 780 confocal microscope.
GFP and chloroplast autofiuorescence were excited by 488-nm excitation
and mCherry was excited by 514-nm excitation. GFP emission spectra
were collected between 429 and 526 nm, 1ce was 1
between 626 and 695 nm and mCherry was collected between 561 and
602 nm. The images were processed using Imaged (Schneider et al.,
2012).

GUS Assay

Fruits at stage 17b were collected in Eppendorf tubes containing X-Gluc
solution (1 mg/ml X-Gluc (5-bromo-4-chloro-3-indolyl glucuronide;
Meilford) dissolved in DMSO, 100 mM sodium phosphate buffer, 10 mM
EDTA, 0.5 mM KsFe(CN)s, 3 mM K4Fe(CN)6, 0.1% Triton X-100) and vac-
uum infiltrated for 30 s, and then incubated at 37°C in the dark for 16 h. The
fruits were then treated in 70% ethanol to destain for 2-3 days before tak-
ing images on a Leica M205 FA stereo microscope.

Scanning Electron Microscopy

Fruits were fixed in FAA (50% ethanol, 5% glacial acetic, and 3.7% form-
aldehyde) for 4 h at room temperature and overnight at 4°C. Samples were
then dehydrated through an ethanol series (30 min each in 50%, 60%,
70%, 80%, 90%, 95%, 100%, 100%, and dry ethanol). After critical point
drying, samples were coated with gold and examined using a Zeiss Supra
55VP field emission scanning electron microscope.

Laser Ablation

Tissue ablations were conducted using a Zeiss PLAM MicroBeam micro-
scope, with an inverted 10x objective, a cutting speed of 20 unv/s, and
laser power of 65%. These settings were found through trial and error to
be the optimum for cutting a single layer of cells while causing minimal
damage to the surrounding tissue. Experiments were conducted on indi-
vidual fruits of the inflorescence meristem, at a stage when the main stem
was about 10 cm long. Mature siliques, open flowers, and young buds
were removed from the inflorescence, leaving only flowers around stage
15. Prior to ablation, the sepals, petals, and anthers of each flower were
removed to reveal the fruit.

For each sample, the inflorescence was placed onto a dry microscope
slide, and the rest of the plant was balanced horizontally across the micro-
scope stage. The main stem was adhered to the microscope slide using
double-sided sticky tape to hold the gynoecium in the correct orientation.
This technique pemitted the positioning of the replum roughly perpendic-
ular to the mi pe objective. If y, an additional microscope
slide was placed on top of the gynoecium to hold it in place. Samples
were visualized using bright-field illumination. The Zeiss PALM software
was used to draw target cutting lines in the location of the VM, which
guided the laser path during ablation. Tissue damage was immediately
and clearly visualized in the region of ablation as the cells broke open.
Samples were imaged (with bright-field illumination) immediately after
ablation to confirm the location of the cut site before the plants were re-
turned to the glasshouse to continue growing.

876 Molecular Plant 12, 863-878, June 2019 © The Author 2019.

Minimum Requirements for Auxin Distribution during Fruit Opening

Fruits were removed forimaging at 5 or 6 days after cutting. Double-sided
sticky tape was used to mount fruits onto a microscope slide with a drop of
0.1% Silwet L-77 solution (to facilitate imaging through the waxy coating)
and topped with a coverslip. Samples were imaged using bright-field illu-
mination on a Leica DM6000 upright light microscope or a Leica SP5 laser
confocal scanning microscope, using a 20X immersion objective.

Video

The confocal Z stack was converted to individual .png files for each slice
using ImageJ (Schneider et al., 2012). The converted stack was opened
using the 3D visualization software VolViewer (http//crpdartswr3.cmp.
uea.ac.uk/wiki/BanghamLab/index.php/VolViewer, Lee et al., 2006), and
a transfer function was applied to optimize levels. This tool was used to
create a series of images, which were saved and then animated using
virtual dub (http:/Avirtualdub.sourceforge.net/) before being saved as
an .avi file.

DATA AND SOFTWARE AVAILABILITY

All simulations were performed using computer code written in C devel-
oped in-house. A remote repository (Git repository) has been used for
the code as well as for the scripts that generated all simulation outputs
(graphs and images) that are presented and discussed in the main text
and figures and supplemental figures. Details of the computational model
are given in the Supplemental Information. Access to the repository is
available through Bitbucket after acceptance (https:/bitbucketorg/
mareeslab/FruitMin).
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A novel role for STOMATAL CARPENTER 1 in e
stomata patterning
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( Abstract

Background: Guard cells (GCs) are specialised cells within the plant epidermis which form stomatal pores, through
which gas exchange can occur. The GCs derive through a specialised lineage of cell divisions which is specified by
the transcription factor SPEECHLESS (SPCH), the expression of which can be detected in undifferentiated epidermal
cells prior to asymmetric division. Other transcription factors may act before GC specification and be reguired for
correct GC patterning. Previously, the DOF transcription factor STOMATAL CARPENTER 1 (SCAPT) was shown to be
involved in GC function, by activating a set of GC-specific genes required for GC maturation and activity. It is thus
far unknown whether SCAP1 can also affect stomatal development.

Results: Here we show that SCAPT expression can also be observed in young leaf primordia, before any GC
differentiation occurs. The study of transgenic plants carrying a proSCAPT.GUS-GFP transcriptional fusion, coupled
with gPCR analyses, indicate that SCAPT expression peaks in a temporal window which is coincident with expression of
stomatal patterning genes. Independent scap! loss-of-function mutants have a reduced number of GCs whilst SCAPT
over expression lines have an increased nurnber of GCs, in addition to altered GC distribution and spacing patterns.
The study of early markers for stomatal cell lineage in a background carrying gain-of-function alleles of SCAPT revealed
that, compared to the wild type, an increased number of protodermal cells are recruited in the GC lineage, which is

reflected in an increased number of meristemoids.

Conclusions: Our results suggest an early role for SCAPT in GC differentiation. We propose that a function of SCAPT is
to integrate different aspects of GC biology including specification, spacing, maturation and function.

Keywords: Arabidopsis, SCAPT (AT5G65590), Guard Cells development, DOF-type transcription factors, SPCH (AT5G53210),

| AtMYB60 (AT1G08810)

Background

Guard cells (GCs) are specialised epidermal cells which
form stomatal pores, through which gas exchange can
occur. Since transpiration is linked to plant growth and
survival, control of GC number, distribution and activity is
tightly regulated. Mature GC pairs form in the epidermal
cell layer and originate from a single undifferentiated pro-
todermal cell (PDC). Each PDC undergoes a series of
cell divisions and successive cell-state transitions. These
transitional states are characterized by changes in cell
morphology and are associated with alterations in the
transcriptomic  signature [1-3]. A subset of PDCs,
termed meristemoid mother cells — MMCs —, become
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competent to initiate the stomatal cell lineage. The
MMCs divide asymmetrically to produce a small triangu-
lar cell, the meristemoid, which serves as precursor of
stomata guard cells and a larger cell referred to as the
stomatal lineage ground cell (SLGC). The SLGC has the
potential to directly differentiate into a lobed pavement
cell or alternatively, to divide again asymmetrically to
produce satellite meristemoids. All new meristemoids
are oriented at least one cell away from an existing
meristemoid according to the one-cell-spacing rule [3-7].
After up to three rounds of amplifying divisions, meriste-
moids mature into guard mother cells (GMC) acquiring
the distinct rounded shape. A GMC divides symmetrically
to generate two paired guard cells, which form the sto-
mata pore. The genes responsible for GC specification
and development have been characterised: the bHLH-type
transcription factors (TFs) SPEECHLESS (SPCH), MUTE,

© 2016 The Author(s). Open Access This artide is distributed under the terms of the Creative Cornmons Attribution 40
International License (http://creativecommons.orgflicenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//ereativecornmons.arg/publicdomain/zero/1.0/) applies to the data made available in this artide, unless otherwise stated.
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and FAMA act sequentially to regulate formation of
meristemoids, GMCs and GCs, respectively [8-10].
Alongside the afore-mentioned genes, another class of
bHLH-type TFs, SCREAM/ICE1 and SCREAM?2 redun-
dantly affect the activities of SPCH, MUTE and FAMA
through heterodimerization [11]. Previous studies have
shown that SPCH is required for cells to enter the stoma-
tal cell lineage and to promote the amplifying divisions of
the meristemoids [9, 10, 12]. Experiments utilising SPCH
promoter-reporter transcriptional fusions revealed that
SPCH is expressed in the developing leaf epidermis and
persists in GMC and GCs throughout the lineage. However,
the SPCH protein has only been detected in undifferenti-
ated PDCs, MMCs and in young meristemoids, suggesting
that SPCH is regulated at the post-transcriptional level [9].
The activity of SPCH protein is negatively regulated by a
signalling cascade, which includes secreted peptides EPI-
DERMAL PATTERNING FACTORS 1 and 2 (EPF1/2),
leucine-rich repeat (LRR) receptor-like kinases ERECTA
and TOO MANY MOUTHS (TMM) [3-5, 7, 13, 14]. The
MITOGEN ACTIVATED KINASE (MAPK) genes act
downstream of the LRR receptors and include YODA,
MKK4/MKKS and MPK3/MPK6 [15-17]. Stimulation of
MAPK results in SPCH phosphorylation and inactivation
by proteasomal degradation [1-3, 15, 18].

Several signals converge to regulate the stability of SPCH
protein, including the phytohormone Brassinosteroid and
CO, [19, 20]. SPCH protein stabilization in protodermal
cells is critical to trigger its transcriptional activity and
consequent GC lineage entry. Among the direct targets
of SPCH is the EPF2 gene which encodes a peptide that
activates a regulatory feed back loop that promotes
SPCH protein destabilization [21]. Therefore modulation
of SPCH activity translates multiple environmental and
endogenous developmental signals into different GC
patterns [8-10, 22].

Besides bHLHSs, other transcription factors may play an
important role in GC specification. The DNA BINDING
WITH ONE FINGER (DOF) proteins are an important
class of transcriptional regulators in Arabidopsis thaliana
comprising 37 members [11, 23]. These proteins have
been shown to be involved in several aspects of plant de-
velopment including growth, germination and abiotic
stress response [9, 10, 12, 24]. Also, DOF-type factors are
implicated in cell cycle control [9, 25]. In stomata develop-
ment, DOFs have been hypothesized to play a role in GC
maturation [3-5, 7, 13, 14, 26, 27]. Recently the DOF tran-
scription factor STOMATAL CARPENTER 1 (SCAPI) has
been shown to directly regulate essential processes related
to guard cell maturation and function. Mutants of scapl
display altered levels of transcripts of multiple genes
directly involved in stomatal movement and furthermore
are defective in some mechanical properties of the GC
cell wall [28]. The potential role of SCAP! in stomata
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patterning has not previously been investigated. In this
study we provide evidence that SCAPI plays a key role
in GC patterning, in a manner that is temporally and
spatially distinct from its role in GC maturation. We
observed SCAP1 expression throughout the leaf lamina
at early developmental stages, when primordia consist
of only undifferentiated cells. Mutants of scapl had sig-
nificantly reduced stomatal density and stomatal index
compared with wild type. Conversely, over expression
of SCAPI resulted in increased stomatal density and
stomatal index. Furthermore SCAPI expression temporar-
ily overlapped with the expression of several other genes
that regulate stomatal patterning, consistent with SCAP7?
playing a role in stomata patterning. Induction of SCAP1
activity using a glucocorticoid—based system resulted in
repression of several early stomatal patterning genes in-
cluding SPCH, MUTE and EPF2, and the ectopic pro-
duction of GCs with altered spacing and morphology.
In accordance with these phenotypes, detailed confocal
microscopic analysis of marker lines on expanding leaf
primordia revealed that high levels of SCAP1 correlated
with an increase in the population of meristemoids as
well as the number of undifferentiated PDCs. Our work
thus provides evidence for a novel role for SCAPI in
stomatal patterning

Results

SCAP1 expression in leaf precedes GC specification

To further elucidate the role of SCAPI in stomatal devel-
opment we characterised a scapl transposon insertion
mutant publicly available in the Cold Spring Harbour
collection. This allele (dubbed scapl-2) carries a gene
trap construct, which permits endogenous patterns of
expression of the trapped gene to be visualised via GUS
staining. We characterised scapl-2 plants at different
developmental stages and revealed two distinct patterns
of gene expression during leaf development (Fig. 1). At
early developmental stages (preceding GC formation)
GUS staining was present throughout the emerging leaf
primordia (Fig. 1a). At later developmental stages of prim-
ordia, levels of GUS staining were highest at the flanks of
the lamina and much reduced in the midvein region
(Fig. 1b). In mature organs (i.e. leaves and cotyledons) the
GUS signal was mainly confined to maturing GCs (Fig. 1c).
GC-specific SCAPI expression was very faint in scapl-2
mutants compared with transgenic proSCAPI:GUS-GFP
lines (Fig. 1f) (see below).

The scapl-2 mutant carries a GUS reporter gene in
antisense orientation with respect to the SCAPI open
reading frame (Additional file 1). To verify that the GUS
pattern observed in the scapl-2 allele reflects endogen-
ous SCAPI promoter activity we fused a 2977 base pairs
genomic region upstream of the SCAPI coding sequence
to GUS and GFP and generated independent Arabidopsis
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stable transformants. These transgenic plants (proSCAPI:
GUS-GFP) displayed GUS activity in young leaf primordia
which was similar to that observed in scapl-2 plants
(Fig. 1d, ¢, f). At later stages of development, the pattern
of GUS accumulation in the proSCAPI:GUS-GFP lines
was broadly similar with that observed in scapi-2. Coinci-
dent with the expansion of leaf primordia, GUS staining
gradually disappeared in the midvein region (Fig. 1le). In
young leaf primordia, SCAPI promoter activity appeared
stronger in the proximal region of the leaf lamina. This
observation was confirmed by analysing transverse secc-
tions of GUS stained proSCAP1:GUS-GFP plants. At carly
stages of primordium differentiation, the SCAPI promoter
was uniformly active in the mesophyll and the epidermis
of leaf primordia (Fig. 1g). Subscquently we observed a
sharp proximodistal gradient of GUS accumulation, with

increased signal in the proximal part of the leaf primor-
dium (Fig. 1h). SCAPI expression was initially strong in
GCs but tended to decrease in a distal to proximal gradi-
ent coincident with the maturation of GCs (Fig. 1i). These
data reveal a previously undisclosed pattern of SCAPI ex-
pression in early leaf development, which could suggest
an additional role for SCAPI alongside its alrcady known
function in GC maturation and function.

To gain insights in SCAP1 protein cellular localization
we generated lines of Arabidopsis overexpressing SCAPI
(n=15). The SCAPI coding scquence was fused to the
YELLOW FLUORESCENT PROTEIN (YFP) gene under
the control of the constitutive promoter CaMV35S
(pro35S:SCAPI-YFP). We anticipated that this construct
would generate cctopic expression of SCAP1 throughout
all plant tissues, however we were only able to observe
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YFP in a subsct of plant tissues. The SCAP1-YFP
protein—derived signal was absent in roots (Fig. 2a)
whereas control plants overexpressing soluble YFP showed
an ectopic signal in all tissues (Fig. 2f-i), We observed
SCAPI-YFP accumulation in nuclei of mesophyll cells in
young leaf primordia (Fig. 2b), while very little, if any
SCAPI1-YFP signal was observed in adjacent epidermal

cells (Fig. 2¢).
merged 355:SCAP1-YFP

35S:SCAP1-YFP

merged

merged
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Fig. 2 SCAP1 protein differentially ac
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At later stages we observed SCAP1-YFP in GCs, which
is consistent with the known function of SCAPI in GC
maturation (Fig. 2d). Detailed analysis of the epidermal
layer of pro35S:SCAPI-YFP cotyledons revealed low levels
of nuclear SCAP1-YFP protcin in dividing (or recently
divided) epidermal cells adjacent to differentiated GCs
(Fig. 2e). In summary, the expression of SCAP1-YFP
appeared restricted to the sub-epidermal layer in early
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leaf primordia and only at later stages of leaf development
the expression become visible in mature GCs and adjacent
cells. The pattern of SCAP1 protein accumulation at later
stages is similar to the domain where the SCAP7 promoter
was transcriptionally active as shown by GUS staining of
cotyledons of proSCAP1:GUS-GFP plants (Fig. 2j). We
conclude that the SCAP1 protein is subject to a strong
post-transcriptional regulation and that the site of SCAP1
protein accumulation only partially overlaps with the pat-
tern of SCAPI gene expression.

SCAP1 regulates GC development
The scapl-2 allele was likely a null since it did not
produce any detectable full-length SCAPI transcript
(Additional file 1). To further investigate the role of
SCAP1 in stomatal development we compared the
number of GCs in adult leaves of scapl-2 mutants with
that of wild type (ecotype Landsberg, Ler). In scapl-2
stomatal density is reduced (Fig. 3a) but this was not
reflected in a reduction of stomatal index since scapl-2
plants also have a significant reduction in pavement
cells compared to wild type (Fig. 3a, Additional file 2).
To confirm these observations we generated two independ-
ent artificial microRNA (amiRNA1 and 2) constructs spe-
cifically targeting SCAPI in wild type (ecotype Columbia,
Col). We isolated sixteen and fourteen independent T1
lines for amiRNA1-SCAPI and amiRNA2-SCAPI, respect-
ively and confirmed that T2 lines had reduced levels of
SCAPI transcript compared to wild type (Additional file 2).
Downregulation of SCAPI did not produce any obvious
phenotypic effects on overall plant morphology, similar to
scapl-2 plants. Closer observations revealed that leaves of
segregating T2 amiRNA-SCAPI knock-down independent
lines produced significantly fewer GCs than wild type
(Additional file 2). In homozygous T3 amiRNA-SCAPI1
lines we observed a general reduction in cell density,
analogous to the result observed in scapl-2, and also a
reduction in stomatal index. Taken together these re-
sults suggest that SCAPI plays a role in GCs specifica-
tion in addition to its role in cell division (Fig. 3b, f).
To determine whether overexpression of SCAP! is suffi-
cient to alter GC development we analysed the pheno-
types of the aforementioned pro35S:SCAP1-YFP lines. We
observed T1 individuals with altered phenotypes ranging
in severity from strong to mild (Fig. 3¢). Plants classified
as strong over-expressors of SCAPI (60 %) exhibited nu-
merous developmental defects including reduced germin-
ation, slow and stunted growth, upward-curling leaves and
sterility. A second phenotypic class (40 %) displayed a less
severe phenotype, exhibiting reduced growth compared to
wild type at the seedling stage. In transgenic lines with
intermediate phenotype, defects appeared to recover at
later stages of development so that these lines were even-
tually comparable in final size and leaf area to wild type.
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Given the strong phenotypic abnormalities in strong
SCAPI-YFP overexpressing lines, we carried out our ana-
lyses on intermediate lines, which are more comparable to
wild type in terms of plant morphology. Lines with inter-
mediate levels of pro35S:SCAPI-YFP had an increased
number of both GCs and PCs in true leaves compared to
wild type and this was accompanied by an overall increase
in stomatal index (Fig. 3d, f and Additional file 2). The
epidermal phenotype of pro35S:SCAPI-YFP plants was
characterised in more detail by crossing to a GC—specific
reporter line carrying proAtMYB60:GUS [29] which
allowed us to detect subtler GC patterning defects. The
cotyledons of pro35S:SCAP1-YFP showed gross alter-
ations in stomata spacing as shown by the presence of
massive clusters of GCs which were located at the
edges of the cotyledon, especially on the adaxial surface
(Fig. 3e). Interestingly, no clusters of GCs were detectable
in true leaves of pro35S:SCAP1-YFP plants. Furthermore,
based on GUS detection, over expression of SCAPI did
not confer guard cell identity to every cell type, nor was it
able to induce stomata production in the cotyledon meso-
phyll cells (Fig. 3e). Thus, SCAPI also plays an important
role in determining GC spacing, at least in cotyledons.

To confirm these observations we generated a second
gain-of-function allele of SCAPI in which constitutively
expressed SCAPI is fused to the GLUCOCORTICOID
RECEPTOR (pro35S:SCAP1-GR) [30]. In this inducible
system the fusion protein is normally localised in the
cytosol but can shuttle to the nucleus upon application
of DEXAMETHASONE (DEX) to trigger a rapid SCAP1-
dependent transcriptional activation [30]. Prior to in-
duction, plants of pro35S:SCAP1-GR were phenotypically
indistinguishable from the wild type (Fig. 4e), despite
accumulating high levels of SCAPI-GR transcript
(Additional file 3). pro35S:SCAPI1-GR seeds did not
germinate on media supplemented with DEX, suggesting
high levels of SCAPI could inhibit germination. Therefore
we grew pro35S:SCAPI-GR seeds on DEX~free media and
transferred seedlings 5 days after sowing on media sup-
plemented with DEX or a mock solution. Twenty days
following transfer to DEX pro35S:SCAPI1-GR plants pro-
duced similar morphological alterations previously observed
in strong pro35S:SCAPI-YFP transgenic plants (Fig. 4g). In
contrast, DEX treatment had no significant morphological
effects in control plants (Fig. 4c).

To further investigate the epidermal phenotype of
SCAPI-GR plants we analysed the pattern of GUS dis-
tribution in pro35S:SCAP1-GR proAtMYB60:GUS double
hemizygous plants. Microscopic analysis of untreated
pro35S:SCAP1-GR proAtMYB60:GUS plants revealed GCs
cluster in both cotyledons and leaves although these
clusters were generally made of few GCs (Fig. 4f and
Additional file 3). Also, pro35S:SCAP1-GR proAtMYB60:
GLUIS plants frequently presented unpaired GCs as well as
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clusters of meristemoid cells adjacent to GCs (Fig. 4f
and Additional file 3). DEX trcated pro35S:SCAP1-GR
proAtMYB60:GUS plants, showed an even stronger

phenotype in stomata patterning compared with the
untrcated control as we obscrved an overproduction of
GCs in true leaves, which were grouped in extensive
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clusters (Fig. 4h). Also in this case, GUS detection re-
vealed that clusters were frequently made of unpaired
GCs (Fig. 4h).

To identify whether the altered stomata patterning of
pro35S:SCAPI-GR could depend on increased number
of cells entering the stomatal lineage we generated double
hemizygous proMUTE:MUTE-YFP pro35S:SCAPI-GR
plants which allowed us to visualise meristemoid cells.
Even in the absence of DEX, at the later stages of
primordium development pro35S:SCAPI-GR proMUTE:
MUTE-YFP plants displayed an increased number of
meristemoids compared to control hemizygous proMUTE:
MUTE-YFP plants (Fig. 4i to 1). A closer inspection of the

epidermis revealed that in pro35S:SCAPI-GR proMUTE:
MUTE-YFP meristemoid cells often did not follow the
correct spacing and were close to each other (Fig. 4n).
Taken together SCAPI appears to regulate different as-
pects of stomata development, including stomata num-
ber, distribution and spacing.

Effects of SCAPT on stomatal patterning gene expression

The ecarly activation of SCAPI in leaf primordia coupled
with its role in stomata development led us to hypothe-
sise a genetic interaction between SCAPI and genes that
regulate stomatal patterning. Two genes, SPCH and
EPF?2 that are required for early stomatal patterning are
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expressed in the protodermal cells of leaf primordia. To
determine the timing of SCAPI activation with respect
to stomata early patterning genes we sampled primordia
of leaves one and two from seedlings at different time
points, representative of different stages of Ieaf develop-
ment. Transcript abundance of SCAP1, SPCH and EPF2
peaked at 7 days after sowing and subsequently decreased
during the next 3 days (Fig. 5a). At around 12 days after
sowing, SCAPI cxpression levels reactivated, presumably
in relation to GC formation in the maturing leaf (Fig. 5a).
To test if SCAPI expression is dependent on SPCH, we
crossed scapl-2 (Ler) with spch-4 (Col) mutants to obtain
homozygous spch mutants carrying a transposon tagged
version of SCAP1. Of 26 spch homozygous plants, two
displayed GUS staining that was similar in terms of
pattern of expression to wild type SPCH plants. The re-
duced frequency of this genotype could be due to gen-
etic linkage since SPCH and SCAPI are physically close
on chromosome 5. SPCH is thus not required for the
carly SCAPI activation (Fig. 5b), consistent with previous
studies indicating that SCAPI was not a high-confidence
SPCH target [21].

We next measured transcript accumulation of early
stomatal patterning genes in plants with different dosage
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of SCAPI. Transcript levels of SPCH, EPF2, MUTE and
FAMA were analysed at 7 DAS when levels of SCAPI,
SPCH and EPF2 expression are at their peak in the wild
type (Fig. 5a). In loss-of-function scapl mutant plants
we detected no significant changes in transcript levels of
any of the genes analysed compared with the wild type
(Fig. 5¢ and additional file 4). If SPCH and SCAPI gen-
etically interact we might predict that increased GC
production in pro35S:SCAPI-YFP plants would be reflected
in an increased level and/or activity of positive regulators of
stomatal production, or alternatively down regulation of
negative regulators. To determine if this is the case we ana-
lysed transcript levels of SPCH, EPF2, MUTE and FAMA
in the pro35S:SCAPI-YFP over expression line. Our analysis
confirmed that this transgene conferred around 100-fold
increase in SCAPI transcript accumulation when compared
to wild type (Fig. 5c). Analysis at 7 DAS revealed no
significant difference in transcript levels of cither MUTE
or FAMA compared to wild type (Fig. 5¢). However, we
noticed a down regulation of EPF2 and, marginally, SPCH
as compared to the wild type (Fig. 5¢).

To confirm these observations we analysed the stomatal
patterning genes in pro35S:SCAPI-GR plants after a short
DEX induction. We first tested the ability of SCAP1:GR
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protein to activate expression of its known target gene
AtMYB60 [28]. Indeed, scapl loss of function mutants
displayed reduced levels of AfMYB60 accumulation
compared with wild type (Additional file 3). Conversely,
compared to wild type plants, pro355:SCAPI-GR plants
showed up-regulation of AtMYB60 after DEX treatment
(Fig. 5d and Additional file 3). These data indicate that
SCAP1-GR protein retains its biochemical function in
the context of transcriptional regulation.

Under similar conditions, eight hours after induction
we observed a strong downregulation of the negative
stomatal regulator EPF2 (Fig. 5d and Additional file 4).
Such EPF2 downregulation became detectable in DEX
treated compared to mock treated plants after four hours
and was maintained throughout our experiment (Additional
file 4). Besides EPF2 we also observed a general downregula-
tion of SPCH transcript levels and its direct target gene
MUTE, but not FAMA (Fig. 5d). As a control, DEX treat-
ment on wild type plants had no effects in altering stomata
patterning genes (Additional file 4). SCAPI can therefore act
both as a positive and negative transcriptional regulator.
However as these experiments were performed on whole
seedlings, they may not entirely revel the mode of action of
SCAPI during the early stages of leaf development.

SCAP1 affects SPCH protein accumulation

Constitutive expression of SCAPI resulted in several
developmental abnormalities, which could indirectly alter
GC development. To avoid this potential problem, we
analysed the effect of SCAP1 after rapid activation by
DEX using the pro35S:SCAPI-GR line. We studied the
pattern SPCH-GFP fusion protein accumulation in the
primordia of the first leaf (5 das) through microscope
confocal analysis by visualizing nuclear fluorescence of
GREEN FLUORESCENT PROTEIN (GFP) in a
proSPCH:SPCH-GFP line. At 5 das, we did not detect
variations in the number of meristemoids, suggesting
that SCAP1-GR expression did not yet produce de-
tectable effects at this particular stage (Fig. 4m). We
reasoned that by providing a short pulse of SCAPI
(through DEX applications) we could influence the
competence of cells entering the stomata lineage (as
estimated by the number of cells expressing SPCH).
We generated hemizygous proSPCH:SPCH-GFP pro-
PIN3:PIN3-GFP  pro35S:SCAP1-GR or hemizygous
proSPCH:SPCH-GFP proPIN3:PIN3-GFP in a wild type
Col background. The PIN3-GFP fusion protein was
used as plasma membrane marker and allowed us to
identify individual epidermal cells. In control double
hemizygous proSPCH:SPCH-GFP proPIN3:PIN3-GFP
plants no significant differences were found in the
number of SPCH-GFP expressing cells following DEX
treatment (Fig. 6b and c). Also, DEX treatment did
not alter the average intensity of nuclear SPCH-GFP
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fluorescence, which rules out a general effect of DEX on
SPCH-GFP protein accumulation (Fig. 6d). proSPCH:SPCH-
GFP proPIN3:PIN3-GFP pro35S:SCAPI1-GR hemizygous
lines showed no apparent defects in SPCH-GFP accumula-
tion at this developmental stage (Fig. 6a to d). At 6 hours
following DEX treatment, proSPCH:SPCH-GFP proPIN3:
PIN3-GFP pro35S5:SCAP1-GR plants showed a significant in-
crease in the proportion of nuclei expressing SPCH-GFP
protein (Fig. 6a, b and c¢). Furthermore, this was accom-
panied with a general increase in the mean nuclear
GFP fluorescence intensity (1 > 50 nuclei / 1% leaf prim-
ordia for each genotype/treatment combination) (Fig. 6a, d).
It is most likely that the increased nuclear GFP signals
reflected increased SPCH-GFP protein since neither DEX
treatment or SCAP1-GR alone caused variations in nuclear
GFP accumulations (e.g. as a result of detachment of GFP
from the membrane marker PIN3 or SPCH). Increased
SPCH stabilisation in protodermal cells may thus contribute
to stomata pattering alterations in SCAPI over expressing
plants.

Discussion
Previously SCAPI was shown to control GC morphology
and activity, a role coherent with its expression in devel-
oping and fully mature stomata [28]. Here we report an
in-depth analysis of the spatio-temporal control of SCAPI
expression throughout leaf development. Qur results
indicate an early activation of SCAPI expression in leaf
primordia coinciding with the expression of genes control-
ling stomatal cell lineage and thus before GC differenti-
ation [6, 7, 10, 31]. This pattern of SCAPI gene expression
is maintained in spch mutants demonstrating that SCAPI
early expression is independent of GC lineage specifica-
tion. Besides transcriptional regulation, SCAPI is regu-
lated at the post-transcriptional level, as constitutively
expressed SCAPI-YFP fusion did not accumulate in all
plant tissues, despite high levels of expression. In leaf
primordia where SCAPI promoter is active in both epi-
dermis and mesophyll, SCAP1-YFP protein was mainly
observed in the mesophyll and in GCs. This observa-
tion may either suggest that the role of SCAP1 in GC
development is indirect (e.g. to promote signals from
the mesophyll cells to the epidermis [32-35] or that the
activity of SCAP1 in the epidermis is tightly regulated
as a result of rapid protein turn over. Therefore, SCAP1
protein may accumulate in the epidermis in some cell
types or at certain stages. Future experiments involving the
use of tissue/cell specific promoters to drive SCAPI expres-
sion may help elucidate the precise cell/tissue-specific
pattern of SCAP1 stabilization and provide clues as to
the mode of action of SCAPI in GC patterning.

A question emerging from our study is whether the
role of SCAP1 in stomata patterning is direct or indirect.
For example, changes in CO, perceived by one leaf affect
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favour of a direct role of SCAP1 in stomata patterning.
Furthermore, a detailed analysis of SCAPI-GR plants re-
vealed a role of SCAPI in both promoting GCs produc-
tion and directing the spacing of meristemoid at the
very early stages of stomatal cell lineage specification
(Fig. 4i to n). These observations are indicative of a role
of SCAPI in GC patterning which is independent of its
general function in GC maturation. The accumulation of
SCAPI transcript in young leaf primordia is consistent
with an carly role for SCAPI in controlling GC develop-
ment. SCAPI could also play an additional role in the
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specification of GCs at later stages of leaf development,
for example by controlling satellite meristemoid cells,
since SCAPI expression can be transiently detected in
dividing (or recently divided) epidermal cells adjacent to
differentiated GCs in older tissue (Fig. 2e).

The overall increased cell density of SCAPI overex-
pressing plants is reminiscent of SPCH overexpression
or epf2 mutant plants [6, 7, 9, 15]. Ectopic expression of
SCAPI could not initiate GCs development in the inter-
ior layers of cotyledons or leaves, suggesting that SCAPI
affects GCs production in conjunction with the known
elements of stomatal cell lineage pathway (e.g. SPCH,
MUTE and FAMA). Therefore, one attractive hypothesis
arising from these observations is that SCAPI participates
in the same genetic pathway of GC development con-
trolled by SPCH and its regulators. Some evidence for this
was provided by experiments which showed expression of
SPCH, EPF2 and SCAPI temporarily overlapping during
development. Mutants of scapl are not defective in global
SPCH or EPF2 gene expression levels, although we have
not tested the possibility that the spatial distribution of
SPCH or EPF2 genes might be altered in scapl mutant
plants. Furthermore, the relatively weak epidermal pheno-
type of scapl mutants might be masked by a yet unknown
SCAPI-like function.

Not only did SCAP1 affect stomata number but also
stomata spacing. Clusters of GCs were present in post-
embryonic tissues in pro35S:SCAPI1-GR plants, a pheno-
type which was even further exacerbated upon DEX appli-
cation. Surprisingly, this phenotype was not observed in
pro35S:SCAPI-YFP plants (in which this spacing defects
were confined to the cotyledons). The reasons why the
SCAPI-GR fusion is more active than SCAPI-YFP is
currently unknown. As SCAP1 accumulation is tightly
controlled at the posttranscriptional levels, one possibility
is that the GR moiety protects it from degradation.

SCAP1 overexpression caused EPF2 downregulation,
which could account for spacing defects. The signalling
peptides EPF2 acts early in the stomatal lineage control-
ling asymmetric cell division and thus regulating stoma-
tal density [7]. Previously, comparably similar defects in
stomata density and spacing were described in mutants
of epf2, epfl and tmm [3, 5-7, 31], or in transgenic
plants overexpressing SPCH, MUTE or FAMA [8, 9, 15].
The SPCH protein directly binds and positively regulates
the transcription of several stomatal patterning genes
including EPF2, MUTE and TMM as well as its own
transcription [21]. Our data indicates that some of the
direct targets of SPCH are negatively regulated by SCAP1,
suggesting a competition between SPCH and SCAPI for
the regulation of these genes at transcriptional level. In
this model, SCAP! promotes stomata production and
boosts cell divisions by enhancing SPCH protein accumu-
lation possibly as a result of down regulation of EPF2
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transcript. Whether this competition occurs in the same
cell and/or is direct should be elucidated by further
experiments.

Conclusions

Our results highlight a previously unappreciated role for
SCAPI in stomata development. We propose that SCAPI
is an essential component of a genetic pathway to fine-
tune stomatal production in Arabidopsis. A key control
mechanism of this loop could involve a SCAPI-mediated
downregulation of EPF2 counteracting the previously
demonstrated SPCH-mediated activation of EPF2 [21].
DOF-type factors have been proposed to play an import-
ant role in GC maturation and function based on an en-
richment of a DOF binding motif in GC specific genes
[26, 27]. It would be interesting to test whether this obser-
vation can also be extended to genes involved in the early
events of GC lineage specification. In this sense, SCAPI
may link GC patterning and function.

Methods

Plant material and growth conditions

In this study we used Arabidopsis thaliana ecotypes
Columbia (Col) and Landsberg erecta (Ler). Seeds were
germinated and plants grown in a controlled- environment
cabinet at a temperature of 20 °C to 23 °C, 65 % relative
humidity, under long day conditions (16 h of light/8 h of
dark). Light was cool-white fluorescent tubes (Osram;
Sylvania) at a fluency of 120 to 150 uE (photosynthetically
active radiation). The scapi-2 allele is a transposon in-
sertion (line GT-23689, Ler background) obtained from
the Cold Spring Harbour gene trap collection (http://
genetrap.cshledu). The spch-4 knock out allele and the
proSPCH:SPCH-GFP proPIN3:PIN3-GFP and proMUTE:
MUTE-YFP lines were previously detailed [9, 12, 39].
The proAtMYB60:GUS line (Col background) was pre-
viously described [29]. The proSCAP1:GUS-GFP, pro35S:
amiRNA-SCAP1, pro35S:SCAPI-YFP and pro35S:SCAPI-
GR lines were generated in this study in wild—type Col
background except for the proSCAPI1:GUS-GFP which
was in the Ler background. Transgenic lines were ob-
tained using the floral dipping method [40]. Transgenic
seedlings were selected on Murashige and Skoog (MS)
media with kanamycin (50 pg/ml) (pro35S:SCAP1-GR) or
Basta (25 pM) (proSCAP1:GUS-GFP, pro35S:amiRNA-
SCAP1, pro35S:SCAPI-YFP and pro35S5:SCAPI-GR). For
each construct several T1 independent lines were gener-
ated and single insertion transgenic plants were isolated
based on the segregation of resistance genes. Independent
homozygous T3 lines analysed in this study are :
pro35S:SCAP1-YFP (#4 and #7), pro35S:amiRNA-SCAP1
(amiRNA1-2, amiRNA2-2 and amiRNA2-5), proSCAPI:
GUS-GFP (#8 and #2), pro35S:SCAP1-GR (#34 and #26).
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Glucocorticoid applications were done by adminis-
tering a solution of DEX (13 uM DEX, 0.01 % (v/v)
Tween 20) either by spraying (for expression analysis)
or by soaking seedlings in a MS medium containing
DEX (for confocal and GUS experiments). Stratified
pro358:SCAPI1-GR seeds were germinated on MS
plates for 5 to 7 days before spraying with DEX or mock
treated or transferred in phytatray (Sigma—Aldrich) on
MS media containing DEX for prolonged glucocorticoid
treatment.

Molecular cloning

To generate the proSCAP1:GLIS-GFP construct a 2977 bp
region upstream of the SCAP? start codon was amplified
from genomic DNA by PCR with oligos attB1-SCAP1
and attB2-SCAP1 which contain the A#tB adaptors for
Gateway—mediated cloning. The PCR product was cloned
into pDONR207 and subsequently transferred to
PpBGWFS7 destination vector [41] according to the guide-
lines detailed in the Gateway protocol (Life Technologies).
The pro35S:amiRNA-SCAPI constructs were engineered
as detailed in http://wmd3.weigelworld.org [42] with
primers I, II, III and IV. The PCR products containing
SCAP1-specific amiRNA were cloned in the pENTR-
DTOPO vector (Life Technologies) and transferred to the
destination vector pEarleyGate 100 [43] via LR—mediated
recombination. To generate the pro35S:SCAPI1-YFP, the
SCAPI open reading frame (without stop codon) was
amplified by PCR from Arabidopsis DNA, with primers
SCAP1-Fw, SCAP1-Re2 and cloned into the pENTR-D
TOPO vector (Life Technologies) and recombined with
the Gateway destination vector pEarleyGate 101 [43]. The
DEX-inducible SCAPI construct (pro355:SCAP1-GR) was
kindly provided by the RIKEN Plant Functional Genomic
Minami Matsui lab. Sequences of the primers are detailed
in Additional file 5.

Genotyping and transcript analysis

Sequences of the primers used for genotyping are pro-
vided in Additional file 5. Total RNA was extracted with
TRIzol reagent following the manufacturer’s instructions
(Life Technologies). The first-strand ¢cDNA was synthe-
sized with 500 ng of total RNA using SuperScript VILO
Reverse Transcriptase kit (Life Technologies). Quantita-
tive real-time PCR was performed with Fast SYBR Green
Master Mix (Applied Biosystems), and amplification was
real-time monitored on a 7900 HT Fast Real-Time PCR
system (Applied Biosystems). Changes in gene expression
were calculated relative to ACT?2 using the AACt method
[44]. The qPCR primers to detect SCAPI, AtMYBG60,
SPCH, EPF2, MUTE, FAMA and ACTIN transcripts are
detailed in Additional file 5.
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B-glucuronidase (GUS) histochemical assay and
Histological procedures

GUS staining was performed as previously described
[26]. Depending on the experiment, incubation time was
for 4 to 12 h at 37 °C. For detection of GUS staining in
thin resin sections, after staining, samples were dehy-
drated in 70 % (v/v) ethanol, post-fixed over night at 4 °C
in FAE (50 % [v/v] ethanol, 5 % [v/v] formaldehyde, 10 %
[v/v] acetic acid), and further dehydrated in a series of
85 %, 95 % and 100 % (v/v) EtOH and embedded in
Technovit 7100 resin according to the manufacturer’s
instructions (Heraeus Kulzer). Samples were sectioned
with a microtome fitted with a stainless steel blade to a
7 uM thickness.

Microscopy and quantitative analysis of fluorescence
emission

For analysis of the stomatal pattern, the 6% expanded
leaves of one-month-old plants (displaying an inflorescence
of about 3—-4 c¢cm) were incubated in 70 % ethanol. The
epidermis of the abaxial side was peeled and examined
under a transmission light microscope (DM2500, Leica).
For determining the mean stomatal index and density,
one square area (0.2 mm?) of a leaf region was micropho-
tographed and scored for cell parameters. Care was used
to select a similar leaf region from the 6 leaf from at least
12 independent plants for each genotype in independent
experiments. For confocal laser scanning microscopy,
the abaxial side of first leaf primordia of 5-day-old
seedlings expressing GFP- or YFP-tagged proteins were
analysed under a Leica TCS SP5 confocal microscope.
Fluorochromes were excited using an Argon laser (488 nm
and 514 nm excitation for GFP and YFP, respectively) and
emission collected at a 500 — 570 nm and 525 — 600 nm
for the GFP and YFP, respectively. When comparing in-
dependent samples, the acquisition parameters (includ-
ing z-step size) were maintained constant to enable
measurement of GFP intensity in different primordia
and different treatments. Fluorescence intensity of nu-
clear SPCH-GFP protein was analysed with Image] soft-
ware (http://imagej.nih.gov/ij/). GFP fluorescence intensity
was measured from individual nuclei (at least 50 for each
primordium). A region of interest (ROI) tool was superim-
posed to selected nuclei so to include the largest possible
nuclear area in single optical plane (z stack). An identical
ROI size was used to process all the images so to minimise
detection of background fluorescence.

Additional files

Additional file 1: Characterisation of the scop! mutant allele. {A) Schematic
representation of the SCAP! loci. Grey boxes represent amiRNAs target
regions and triangles represent transposon genomic insertion points for
scapi-2. {B) Reverse Transcriptase-PCR analysis of SCAPT in wild type
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{Len) and scapi-2 plants. Total RNA was isolated from 2-week-old seedlings
and PCR was conducted for 35 cycles. Actin was used as a positive control
and amplified for 25 cycles. {JPG 97 kb)

Additional file 2: SCAP] affects GCs development. (A) Representative
abaxial epidermal phenotype of 3 6% expanded leaf of wild type (Len
and scap!-2 mutants. Guard cells are false coloured in black. Scale
bar =50 pm. (B) Pattern of SCAP! transcript accumulation determined
by quantitative PCR in mature leaves in independent T1 BASTA resistant
Ppro355:amiRNA-SCAP1 {amiRNA-SCAPT) trarsgenic lines, compared with wild
type {Col-0). ACTIN {ACT2) was used for normalization. Values represent the
mean of two technical replicates. Error bars =standard deviation. {C)
Number of Guard cells {(GC), pavement cells {PC) and stomatal index in
wild type (Col) or BASTA selected T2 pro35S.0miRNA-SCAPT (amiRNA-SCAPT)
Tines. A transgenic line transformed with empty vector (vector) was used as
a further control to account for BASTA treatment. Lines tested in this
experiments are labelled in (B) with a filled arrowhead. Line #2, white
arrowhead in (B), was not included in this particular experiment. (D)
Number of Guard cells {GC), pavement cells {PC) and stomatal index in wild
type {Col) or BASTA selected T2 pro35S.SCAPI-YFP (355:SCAP1) lines. In C and
D ), ) and (%) =P < 001 {two tails T Student test) for comparisons
between the wild type and the mutant alleles for GC, PC cell density or
stomatal index, respectively. ns = not significant. Values of PC in {C) are
all not significantly different compared with the wild type or vector.
Error bars = Standard Error. (JPG 382 kb)

Additional file 3: SCAPI regulates AtMYB60 expression. {A) AtMYBE0
accumulation determined by quantitative PCR in manually dissected first
two-leaf primordia of wild type (WT) scap!-2 and pro355:amiRNA-SCAP1
{amiRNA2-SCAP1) seedlings at different time paints. Values represent the
mean of three biological replicates {30 leaves / replica). (B) SCAP! transcript
accumulations determined by RT-PCR in pro355:SCAPI-GR T1 lines. Total
RNA was isolated from 2-week-old seedlings and PCR was conducted for
30 cycles. Actin was used as a positive control and amplified for 25 cycles.
(Q Transcript accumulation of AMYB50 determined by quantitative PCR in
DEX {or mock) treated wild type (Col) and pro35SSCAPI-GR (355SCAPI-GR)
transgenic plants at different time points, Values represant the mean of two
biological replicates. In all quantitative PCR ACTIN {ACT2) was used for
normalization. In A and C, *=P < 0.01 and *=P < 0.05 and two tails T
Student test. Error bars = standard deviation. {D) Morphological atterations
of stomata in cotyledons of GUS stained 4-weeks old single proAtMYBEQ.:GLIS
WT {Col) or double proAtMYB60:GUS pro35S:SCAPI-GR {355:SCAP1-GR)
hemizygous plants. Bar =20 pm. {E) Close up of GCs surrounded by
clusters of meristemoids with altered spading in cotyledons of DEX treated
double proAtMYBEO.GUS pro355:SCAP1-GR (35S:SCAP1-GR) hemizygous plants
(this plant was not subject to GUS staining) Bar =10 pm. PG 370 kb)
Additional file 4: Role of SCAP! on stomatal genes transcript
accumulations. {A) Transcript accumulation of stomatal markers SPCH,
EPF2, MUTE and FAMA genes determined by quantitative PCR in manually
dissected first two leaf primordia of 7 days-old wild type {Ler) and scap!-2
plants. Values represent the mean of three biological replicates (30 leaves/
replica). (B-E) Transcript accumulation of stomatal markers £PF2, SPCH, MUTE
and FAMA genes determined by quantitative PCR in 10 days-old DEX (or
mocK) treated wild type (Col) ard (F-)) pro355:SCAPI-GR (355:SCAP1-GR)
transgenic plants at different time point after treatment. Values represant
the mean of two biclogical replicates. In all quantitative PCR ACTIN (ACT2)
was used for normalization. Error bars =standard deviation. **=P <0.01
and *=P < 0.05 and two tails T Student test. Values in {A) are all not
significantly different compared with the wild type. (JPG 348 kb)

Additional file 5: Primers used in this study. (PDF 1736 kb)

Abbreviations

DEX, Dexamethasone; DOF, DNA Binding With One Finger; GC, Guard cell;
GMC, guard mother cell; GR, Glucocorticoid Receptor; MMC, meristemoid
mother cell; PC, Pavement cell; PDC, protodermal cell; SLGC, stomatal lineage
ground cell; TF, Transcription Factor.

Acknowledgements

We would like to thank Prof. Enrico Coen for suggestions, the Nottingham
Arabidopsis and the Cold Spring Harbour stock centres for providing T-DNA
and Transposon tagged lines, Dr. Matsui {RIKEN Plant Functional Genomic)

Page 13 of 14

for the gift of the pro35S:SCAP1-GR construct. All the authors have no conflict
of interest to declare.

Funding

GC was supported by a PhD fellowship from the University of Milan and, in
part, by an Erasmus Student Placement Scheme. This wark was supported by
the Fondazione Umberto Veronesi, Milan {project AGRISOST) and in part by a
MIUR PRIN project (2010-2011 prot. 2010HEBBB8_006) (to MG and CT).

Availability of data and materials
All supporting data are included as additional files. Transgenic lines, mutants
and constructs described in this works are available upon request.

Authors’ contributions

GC carried out the construction of transgenic plants, plant transformation
and expression studies. GC and SF performed confocal studies. CT, MG, and
LC conceived the study, participated in its design and coordination. GC, CT,
MG and LC wrote the manuscript. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details

'Dipartimento di Bioscienze, Universita degli studi di Milano, Via Celoria 26,
20133 Milan, Italy. 2Department of Cell and Developmental Biology, John
Innes Centre, Norwich NR4 7UH, UK

Received: 15 March 2016 Accepted: 8 July 2016
Published online: 02 August 2016

References

1. Dong J, MacAlister CA, Bergmann DC. BASL controls asymmetric cell
division in Arabidopsis. Cell. 2009;137:1320-30.

2. Pillitteri LJ, Dong J. Stormatal developrment in Arabidopsis. Arabidopsis Book.
2013;,1120162.

3. Geisler M, Nadeau J, Sack FD. Oriented asymrmetric divisions that generate
the stomatal spacing pattem in arabidopsis are disrupted by the too many
mouths mutation. Plant Cell. 2000;12:2075-86.

4. Shpak ED, McAbee JM, Pillitteri L, Torii KU. Stomatal patterning and
differentiation by synergistic interactions of receptor kinases. Science.
2005;309:290-3.

5. Hara K Kajita R, Torii KU, Bergmann DC, Kakimoto T. The secretory
peptide gene EPF1 enforces the stomatal one-cell-spacing rule. Genes
Dev. 2007;21:1720-5.

6. Hara K Yokoo T, Kajita R Onishi T, Yahata S, Peterson KM, Torii KU, Kakimoto T.
Epidermal cell density is autoregulated via a secretory peptide, EPIDERMAL
PATTERNING FACTOR 2 in Arabidopsis leaves. Plant Cell Physiol 200950:1019-31.

7. HuntL, Gray JE. The signaling peptide EPF2 controls asymmetric cell
divisions during stomatal development. Curr Biol. 2009,19:864-9.

8. Ohashi-tto K, Bergrnann DC Arabidopsis FAMA contrals the final
proliferation/differentiation switch during storatal development. Plant Cell.
2006;18:2493-505.

9. MacAlister CA, Ohashi-lto K, Bergrann DC. Transcription factor control of
asymmetric cell divisions that establish the stomatal lineage. Nature,
2007;445:537-40.

10.  Pillitteri LJ, Sloan DB, Bogenschutz NL, Torii KU, Temination of asymmetric
cell division and differentiation of stomata. Nature, 2007,445:501-5.

1. Kanaoka MM, Pillitteri LJ, Fujii H, Yoshida Y, Bogenschutz NL, Takabayashi J,
Zhu J-K, Torii KU. SCREAM/ICET and SCREAM2 specify three cell-state
transitional steps leading to arahidopsis storatal differentiation. Plant Cell.
2008,20:1775-85.

12. Rohinson S, Barbier de Reuille P, Chan J, Bergrmann D, Prusinkiewicz P, Coen E.
Generation of spatial patterns through cell polarity switching. Science.
2017;333:1436-40.

215



Castorina et al. BMC Plant Biology (2016)16:172

20.

21

24,

26.

27.

2.

30.

31.

32

3.

35

36.

Hunt L, Bailey KJ, Gray JE. The signalling peptide EPFL9 is a positive
regulator of stomatal development. New Phytol. 2010,186:609-14.

Lee JS, Kuroha T, Hnilova M, Khatayevich D, Kanacka MM, McAbee IM,
Sarikaya M, Tarerler C, Torii KU. Direct interaction of ligand-receptor pairs
specifying stomatal patterning. Genes Dev. 2012,26:126-36.

Lampard GR, MacAlister CA, Bergmann DC. Arabidopsis stomatal initiation is
controlled by MAPK-mediated regulation of the bHLH SPEECHLESS. Science.
2008322:1113-6

Lampard GR, Lukowitz W, Ellis BE, Bergmann DC. Novel and expanded
roles for MAPK signaling in Arabidopsis stornatal cell fate revealed by cell
type-specific manipulations. Plant Cell. 2009,21:3506-17.

Bergmann DC, Lukowitz W, Somenville CR. Stomatal development and
pattern controlled by a MAPKK kinase. Science. 2004;304:1494-7.

Jewaria PK, Hara T, Tanaka H, KONDO T, Betsuyaku S, Sawa S, Sakagami Y,
Aimoto S, KAKIMOTO T. Differential effects of the peptides Stornagen, EPF1
and EPF2 on activation of MAP kinase MPK6 and the SPCH protein level.
Plant Cell Physiol. 2013,54:1253-62.

Gudesblat GE, Schneider-Pizon J, Betti C, Mayerhofer J, Vanhoutte |, van
Dongen W, Boeren S, Zhiponova M, de Vries S, Jonak C, Russinova E.
SPEECHLESS integrates brassinosteroid and stomata signalling pathways.
Nature Cell Biol. 2012;14:548-54.

Engineer CB, Ghassemian M, Anderson JC, Peck SC, Hu H, Schroeder JI.
Carbonic anhydrases, EPF2 and a novel protease mediate CO2 control of
stomatal development. Nature. 2014;513:246-50.

Lau OS, Davies KA, Chang J, Adrian J, Rowe MH, Balienger CE, Bergmann DC.
Direct roles of SPEECHLESS in the specification of stomatal self-renewing cells.
Science. 2014;345:1605-9.

Wang H, Ngwenyama N, Liu Y, Walker JC, Zhang S. Stomatal development
and patterning are regulated by environmentally responsive mitogen-
activated protein kinases in Arabidopsis. Plant Cell. 2007;1963-73.
Riechmann JL, Heard J, Martin G, Reuber L, Keddie J, Adam L, Pineda O,
Ratcliffe OJ, Samaha RR, Creelman R. Arabidopsis transcription factors:
genome-wide comparative analysis among eukaryotes. Science.
2000;290:2105-10.

Yanagisawa S. The Dof family of plant transcription factors. Trends Plant Sci.
2002,7:555-60.

Skirycz A, Radziejwoski A Busch W, Hannah MA, Czeszejko J, Kwasniewski M,
Zanor M-I, Lohmann JU, De Veylder L, Witt |, Mueller-Roeber B. The DOF
transcription factor OBP1 is involved in cell cycle regulation in Arabidopsis
thaliana. Plant J. 2008;56:779-92.

Galbiati M, Simeni L, Pavesi G, Cominelli E, Francia P, Vavasseur A, Nelson T,
Bevan M, Tonelli C. Gene trap lines identify Arabidopsis genes expressed in
stornatal guard cells. Plant J. 2008,53:750-62.

Cominelli E, Galbiati M, Albertini A, Fomara F, Conti L, Coupland G, Tonelli C
DOF-binding sites additively contribute to quard cell-specificity of AtMYBSO
promoter. BMC Plant Bicl. 2011;11:162.

Negi J, Moriwaki K, Konishi M, Yokoyama R, Nakano T, Kusumi K,
Hashimoto-Sugimoto M, Schroeder J|, Nishitani K, Yanagisawa S, lba K A
Dof Transcription Factor, SCAP1, Is Essential for the Development of
Functional Stormata in Arabidopsis. Curr Biol. 2013;23:479-84.

Cominelli E, Galbiati M, Vavasseur A, Conti L, Sala T, Vuylsteke M, Leonhardt N,
Dellaporta SL, Tonelli C. A guard-cell-specific MYB transcription factor regulates
stornatal movernents and plant drought tolerance. Curr Biol. 2005;15:1196-200.
Aoyarna T, Chua NH. A glucocorticoid-mediated transcriptional induction
systern in transgenic plants. Plant J. 1997,11:605-12.

Nadeau JA, Sack FD. Control of stomatal distribution on the Arabidopsis leaf
surface. Science. 2002,296:1697-700.

Konde T, Kajita R, Miyazaki A, Hokoyarna M, Nakarnura-Miura T, Mizano S,
Masuda Y, Irie K Tanaka Y, Takada S, KAKIMOTO T, Sakagami Y. Stornatal
density is controlled by a mesophyll-derived signaling molecule. Plant Cell
Physiol. 2010;51:1-8.

Sugano S5, Shimada T, Imai Y, Okawa K, Tamai A, Mori M, Hara-Nishimura .
Stornagen positively regulates stomatal density in Arabidopsis. Nature,
2010,463:241-4.

Abrash EB, Bergrnann DC. Regional specification of stomatal production by
the putative ligand CHALLAH. Development. 2010;137:447-55.

Lee JS, Hnilova M, Maes M, Lin Y-CL, Putarjunan A, Han S-K, Avila J, Torii KU.
Competitive binding of antagonistic peptides fine-tunes stornatal patteming.
Nature. 2015,522:439-43,

Lake JA, Quick WP, Beerling DJ, Woodward Fl. Plant development: signals
from rnature to new leaves. Nature. 2001411:154-154.

37.

38.

39.

41.

42

43

Page 14 of 14

Lake JA, Woodward Fl, Quick WP. Long-distance CO2 signalling in plants. J
Exp Bot. 2002,53:183-93.

Coupe SA, Palmer BG, Lake JA, Overy SA, Oxborough K, Woodward Fi, Gray
JE, Quick WP. Systemic signalling of environmental cues in Arabidopsis
leaves. J Exp Bot. 2006,57:329-41.

Davies KA, Bergmann DC. Functional specialization of stomatal bHLHs
through modification of DNA-binding and phosphoregulation potential.
Proc Natl Acad Sci U S A 2014;111(43):15585-90.

. Clough 5J, Bent AF. Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana Plant J. 1998;16:735-43.
Karimi M, Inzé D, Depicker A. GATEWAY™ vectors for Agrobacteriurn-
mediated plant transformation. Trends Plant Sci. 2002,7:193-5.

QOssowski S, Schwab R, Weigel D. Gene silencing in plants using artificial
icroRNAs and ather small RNAs. Plant J. 2008,53674-90.

Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, Pikasard CS.
Gateway-cornpatible vectors for plant functional genomics and proteomics.
Plant J. 2006;45:616-29.

Livak KJ, Schrnittgen TD. Analysis of relative gene expression data using
realtime quantitative PCR and the 2(~Delta Delta C{T)) Method. Methods.
2001,25:402-8.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

* Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

* Convenient online submission

* Thorough peer review

* Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

(O sioMed Central

216



Developmental Cell

Control of Oriented Tissue Growth through
Repression of Organ Boundary Genes Promotes
Stem Morphogenesis

Graphical Abstract

Oriented cell
divisions

Stem growth

Highlights

Image and sector analysis revealed 3D growth patterns in
early stem development

Arabidopsis RPL controls oriented cell division and growth in
the rib meristem

RPL interacts with many of the key genes that regulate shoot
organogenesis

RPL controls oriented growth by directly repressing organ
boundary genes

Bencivenga et al., 2016, Developmental Cell 39, 198-208

http://dx.doi.org/10.1016/j.devcel.2016.08.013

Authors

Stefano Bencivenga,
Antonio Serrano-Mislata, Max Bush,
Samantha Fox, Robert Sablowski

Correspondence
robert.sablowski@jic.ac.uk

In Brief

The origin of the stem is a major gap in our
understanding of plant development.
Bencivenga et al. show that during stem
initiation in Arabidopsis, the regulatory
gene REPLUMLESS controls three-
dimensional patterns of cell division and
growth through repression of organ
boundary genes.

Accession Numbers

GSE78727
GSE78511

= cossMak October 24, 2016 © 2016 The Author(s). Published by Elsevier Inc. ‘ eII

217



Developmental Cell

Control of Oriented Tissue Growth
through Repression of Organ Boundary Genes
Promotes Stem Morphogenesis

Stefano Bencivenga,' Antonio Serrano-Mislata,’ Max Bush,! Samantha Fox,' and Robert Sablowski'-%*
1Cell and Developmental Biology Department, John Innes Centre, Norwich Research Park, Norwich NR4 7UH, UK

?Lead Contact
*Correspondence: robert.sablowski@ic.ac.uk
http://dx.doi.org/10.1016/].devcel.2016.08.013

SUMMARY

The origin of the stem is a major but poorly under-
stood aspect of plant development, partly because
the stem initiates in a relatively inaccessible region
of the shoot apical meristem called the rib zone
(RZ). We developed quantitative 3D image analysis
and clonal analysis tools, which revealed that the
Arabidopsis homeodomain protein REPLUMLESS
(RPL) establishes distinct patterns of oriented cell
division and growth in the central and peripheral re-
gions of the RZ. A genome-wide screen for target
genes connected RPL directly to many of the key
shoot development pathways, including the develop-
ment of organ boundaries; accordingly, mutation
of the organ boundary gene LIGHT-SENSITIVE
HYPOCOTYL 4 restored RZ function and stem growth
in the rp/ mutant. Our work opens the way to study a
developmental process of importance to crop
improvement and highlights how apparently simple
changes in 3D organ growth can reflect more com-
plex internal changes in oriented cell activities.

INTRODUCTION

Virtually all plant growth is sustained by stem cell populations
located within the apical meristems (Aichinger et al., 2012).
Decades of intense study have revealed much about how the
meristems form roots, leaves, and floral buds. In contrast, little
is known about how the stem is initiated in the subapical region
of the shoot meristem and how regulatory genes that function in
this region influence stem size and shape. The origin of the stem
is not only a major aspect of plant development that has been
relatively neglected, but is also of great importance in crop
improvement: genes that modify stem development have played
a key role in yield increases in the last 50 years (Khush, 2001),
but the developmental basis for their effects on plant architec-
ture remains unclear.

The shoot apical meristem, which produces leaves, flowers,
and the stem, has distinct zones with different functions
(Fletcher, 2002) (Figure 1F). Leaves and floral buds are initiated
in the peripheral zone (PZ), while long-term progenitors in the

198 Developmental Cell 39, 198-208, October 24, 2016 @ 2016 The Author(s). Published by Eisevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

central zone (CZ) constantly replenish the PZ. The underlying
rib zone (RZ) gives rise to the stem and includes a central region
called the rib meristem (named after its distinct pattern of trans-
versal cell divisions), which gives rise to the pith, and a peripheral
region that appears continuous with the overlying PZ and gives
rise to the epidermis, cortex, and vascular tissues of the stem
(Sachs, 1965; Sanchez et al., 2012). Superimposed on this func-
tional zonation, the shoot meristem has a layered structure; in
angiosperms such as Arabidopsis, the cells in the outermost
two to three layers divide mostly anticlinally (perpendicular to
the meristem surface), so their descendants generally remain
in the same layer (Fletcher, 2002). Growth of the different meri-
stem regions can be controlled differentially: during the vegeta-
tive stage in Arabidopsis, the CZ and PZ sustain leaf production
but the RZ is inhibited, whereas at the transition to flowering,
activation of the RZ leads to rapid stem elongation while the
CZ and PZ start to produce floral buds.

Parallels can be drawn between activation of stem growth at
the shoot apex and the well-studied control of root growth at
the opposite end of the plant’'s main axis (Aichinger et al.,
2012), but there are important differences. In the root, terminal
growth mostly precedes the emergence of lateral roots and the
vast majority of cell growth and division is aligned with the
main root axis, so growth rate is proportional to root meristem
size and to the overall rate of cell proliferation (Beemster and
Baskin, 1998). In contrast, development of the stem occurs
simultaneously with that of lateral structures such as flower
buds, and cell files in the RZ appear much less organized than
in the root. The more complex structure of the RZ requires
three-dimensional (3D) analysis of cell behavior and overall or-
gan growth. A further complication is the relative inaccessibility
of the RZ in comparison with the root meristem. Thus RZ growth
and early stem development remain considerably less well un-
derstood than the root system, and illustrate the general chal-
lenge of describing and understanding the regulation of tissue
growth in 3D structures with no obvious internal landmarks.

In Arabidopsis, one of the master regulators of stem growth is
most often named PENNYWISE (PNY) (Smith and Hake, 2003),
REPLUMLESS (RPL) (Roeder et al., 2008), and BELLRINGER
(BLR) (Byme et al., 2003); we used rp/ mutant alleles and there-
fore adopted RPL for simplicity. RPL encodes a BEL1-like
TALE homeodomain (BLH) transcription factor that controls
multiple aspects of meristem and floral development, including
meristem maintenance, the distribution of lateral organs around
the meristem (phyllotaxis), the transition to flowering and the
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Figure 1. Automated Detection of the 3D Orientation of Cell Divi-
sions in the Shoot Apex

(A and B) Confecal sections through the outer layers of a live Arabidopsis
(-er) inflorescence meristem stained with FM4-64 at 0 hr (A) and 24 hr
later (B). When cell divisions occurred, mother cells in (A) and their corre-
sponding daughter cells in (B) were manually marked with dots of the same
color.

(C) Confocal section of the same meristem as in (8), after staining by modified
pseudo-Schiff propidium iodide (MPS-PI), showing variable intensity of
cell-wall signals.

(D) Same section as in (C), overlaid with an image of segmented cell facets
detected as new walls (red lines); colored dots mark recent divisions corre-
spending te (B). Nete that new walls were correctly attributed for most of the
recent divisions (27 out of 29), in addition to low-intensity walls that likely
correspond to divisions completed more than 24 hr earlier.

(8) Scheme of how the ocrientation of new walls was measured. Walls are
represented by colored hexagons, with a line normal to their best-fitting
plane shown in black; the magenta line is parallel to the main axis of the
stem; the blue line is perpendicular to the to the main axis of the stem and
passes through the wall’s center of mass; angles to the main axis and radial
angles are indicated by the magenta and blue arcs, respectively; the red and
green walls correspond to transversal and anticlinal walls, as frequently seen
in the RZ and in the cuter meristem layers, respectively; anticlinal walls can
have small to large radial angles, depending on whether they face the central
axis or not.

(F and G) Lengitudinal slice through a stack of confocal images of mPS-PI-
stained inflorescence apex, with (F) the outer meristem layers (L1-L3), central
zone (CZ), peripheral zone (PZ), and rib zone (RZ) indicated. (G) Image cor-

associated activation of stem development, and subsequently
floral organ patterning (Byrne et al., 2003; Roeder et al., 2003;
Smith and Hake, 2003; Arnaud et al., 2011). Based on its expres-
sion in the shoot meristem, extending into the RZ (Smith and
Hake, 2003; Andrés et al., 2015), RPL likely affects stem growth
by regulating the earliest steps in stem development, but the mo-
lecular and cellular processes controlled by RPL in the RZ are
virtually unknown.

Here, we used quantitative 3D imaging and clonal analysis to
reveal how RPL controls early stem development. Our findings
indicate that RPL controls RZ function through oriented cell ac-
tivities rather than local rates of cell proliferation. We also show
that RPL directly interacts with many of the key regulatory genes
in shoot organogenesis and that interaction with genes involved
in organ boundary development are particularly important for the
role of RPL inthe RZ.

RESULTS

RPL Is Required for Oriented Tissue Growth in the RZ

If RPL controls morphogenesis inthe RZ, it would be expected to
modify rates or orientations of tissue growth, or a combination of
both. To verify this we would require new imaging and analysis
methods, because tracking cells by live imaging (Serrano-Mis

lata et al., 2015) is not feasible in the deeper layers of the shoot
meristem, whereas high-resolution 3D images of fixed apices
(Schiessl et al., 2012) cannot provide temporal information.
Instead, we exploited the fact that new cell walls are placed
perpendicular to the mitotic spindle (Smith, 2001), thus retaining
information about the orientation of recent cell divisions. To
detect recent cell divisions, we cross-linked wall polysaccha-
rides to propidium iodide (PI) (Truernit et al., 2008), which would
be expected to produce lower fluorescence for thinner, more
recently synthesized walls. After 3D segmentation the Pl signal
was measured in all facets between cells, and individual facets
were identified as new walls if they had the weakest signal den-
sity for both adjacent cells (details in Supplemental Experimental
Procedures and annotated source code in Data S1). This method
accurately detected cell divisions identified by time-lapse imag-
ing in both outer and inner meristem layers, and comrectly
detected the predominance of anticlinal divisions in the outer
meristem layers and of transversal divisions in the RZ (Figures
1 and S1). Thus information about 3D patterns of oriented cell
divisions can be extracted from single-time-point images of
fixed shoot apices.

We next used the method to compare shoot apices of wild-
type and rpl-1 mutant plants. The RZ of the wild-type apex
showed a well-defined rib meristem with cell divisions perpen-
dicular to the main stem axis, while the peripheral region was
enriched for radial cell divisions, which potentially increase
RZ width and may contribute to elongating the basal region
of floral pedicels (Figure 2A). In contrast, rp/-1 appeared to
have a less organized RZ and the difference between the
central and peripheral regions was less obvious (Figure 2B).

responding to (7), overlaid with an image of cell facets detected as new walls
and colered according to the angle to the main axis of the stem.
Scale bars, 50 ym. See also Figure S1.
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Figure 2. rp/-1 Disrupts the Orientation of
Cell Divisions in the RZ

{A and B) Orthogonal views of confocal image
stacks of wild-type (wt) (L-er} (A) and rp/-7 (B)
inflorescence apices stained by mPS-Pl, overlaid
with images of segmented cell facets detected as
new walls, and colored according to their radial
orientation (see Figure 1E). In each image, the
yellow cross-hairs mark the same point in the top
and side views; note the less organized RZ in rp/-1
and the high frequency of radially oriented di-
visions in the periphery of the wild-type RZ, but not
in the mutant.

{C and D) Measurement of oriented divisions in
wild-type and rpi-7. {C) Regions where new wall
angles were measured (AR, apical region; RC, rib
meristem core; RP, rib meristem periphery). {D)
Boxplots show the distribution of new wall angles
to the main stem axis or radial angles {see Fig-
ure 1E). n indicates the number of new walls in
each set (combined data from four apices for each
genotype); asterisks indicate statistically signifi-
cant differences {"*p < 0.001, Mann-Whitney test).
In the boxplots, the box extends from the lower to
upper quartile values with a line at the median;
whiskers extend to 1.5 times the interquartile
range, and outlier points beyond the whiskers
are shown in red. Scale bars, 50 um. See also
Figure S2.

ented divisions corresponded to direc-
tions of tissue growth and to obtain infor-
481 mation about growth rates, we used a
Cre-loxP recombination system (Gallois
et al., 2004) to mark individual cells with
GFP expression and track their descen-
dants in the shoot apex (Figure 3A). To
overlap marked sectors from multiple
apices and analyze them in 3D, we land-

To quantify the differences between wild-type and rp/-1, we
compared the orientation of recent cell walls in the region
where the rib meristem originates (“RM core” [RC], within 30—
60 pm of the meristem summit and 0-40 um of the main
axis), in the overlying CZ and PZ cells (“apical region” [AR],
within 30 um of the meristem summit and within 40 ym of
the shoot main axis), and in the PZ surrounding the RM (“RM
periphery” [RP], within 30-60 pm of the summit and 40-
50 um of the main axis) (Figures 2C and 2D). Significant
differences were detected in the RC, where p/-7 showed a
pattern more similar to that in the RP, with more variable angles
to the main axis and more radially oriented divisions; these
differences were seen not only in data from combined apices
but also across individual apices (Figure S2).

The orientation of cell divisions can respond to cell geometry,
which reflects principal directions of growth, or to the direction of
mechanical stress, which can accumulate during growth of
interconnected cells, and these physical signals can also be
overruled by chemical signals (Kwiatkowska, 2004; Besson
and Dumais, 2011; Yoshida et al., 2014). To test whether ori-

200 Developmental Cell 39, 198-208, October 24, 2016
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marked cells within each sector manually
and used custom scripts to align the im-
ages and measure the position, size, and orientation of the
main axis for each sector (details in Supplemental Experimental
Procedures and annotated source code in Data S1). As expected
from the anticlinal cell divisions in the outer layers of the meri-
stem, sectors in these layers were oriented tangentially to the
meristem surface (Figures 3B and 3C). The wild-type sectors
also confirmed the expectation that the RP originates from the
overlying PZ of the meristem, where lateral organs are also initi-
ated. Sectors in the RC grew vertically and more slowly than in
the surrounding region, and based on their orientation appeared
to originate from a region below the CZ progenitors that sustain
the initiation of lateral organs (Aichinger et al., 2012) (Figure 3C).
Based on cell number and length of sectors, growth rates were
not significantly different between wild-type and rp/-7; in
contrast, the orientation of rp/-1 sectors was different from the
wild-type specifically within the RC, and as seen in the analysis
of recent cell walls, was more similar to the pattern seen in the
RP region (Figures 3E-3H).

Based on the combined analyses of new cell walls and marked
clones, we conclude that RPL regulates oriented tissue growth
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Figure 3. Clonal Analysis Shows that RPL Controls Orientation, but Not Rates of Growth, in the Central Region of the RZ

(A) Orthogonal views of a confocal images stack of a wild-type inflorescence apex with two mGFPS-ER-marked clones (green), 3 days after Cre-catalyzed
recombination. P1 to P5 mark the positions of successive floral bud primerdia.

(8) Vertical (top) and radial (bottom) projections of superimposed GFP-marked clones from 15 wild-type apices. Each clone is marked in a different color, with the
position of individual cells indicated by dots. Each clone was projected onto a plane containing its center of mass and the stem main axis to produce the radial
projection. Clones on the right and left sides of the vertical projecticn (arrows marked R and L) are shown, respectively, on the right and left sides of the radial
projection.

(C) Vertical (top) and radial {(bottom) projections of the main axes of clones shown in (8). On the radial projection, the AR, RC, and RP regions are defined as in
Figure 2C.

(D) Projections of the main axes of clones from 15 superimposed rpi-7 apices, produced as described for the wild-type clenes in (8) and (C).

(E-H) Boxplots showing the vertical angles of the main axes of clones (relative to the stem main axis) (E), radial angles (relative the shortest line between the
clone’s center of mass and the stem main axis) (F), number of cells per clone (G), and length of the clone main axes (H). AR, RC, and RP correspond to the regions
shown in (C) and (D); n indicates the number of sectors in each region; asterisks indicate statistically significant differences (*p < 0.01, Mann-Whitney test).

In the boxplots, the box extends from the lower to upper guartile values with a line at the median; whiskers extend to 1.5 times the interquartile range, and outlier
points beyond the whiskers are shown in red. Scale bars, 50 pm.

and establishes distinct growth patterns in the central and
peripheral regions of the RZ.

sequencing (ChIP-seq) to detect loci bound by RPL within
the inflorescence apex. As internal controls, we used genes
previously reported to interact with RPL genetically or by

RPL Directly Binds to Key Genes that Regulate Meristem
Function, Organ Patterning, and Growth

As a transcriptional regulator, RPL is expected to affect
patterns of growth indirectly through its downstream target
genes. To reveal genes and processes regulated by RPL in
the RZ, we first used chromatin immunoprecipitation (ChIP)

ChlP, including close partners or repressors of RPL function,
such as BREVIPEDICELLUS (BP), POUND-FOOLISH (PNF),
ARABIDOPSIS THALIANA HOMEOBOX GENE 1 (ATH1),
KNOTTED1-LIKE HOMEOBOX GENE 6 (KNAT6), BLADE ON
PETIOLE 1 (BOP1), and BOP2 (Smith and Hake, 2003; Smith
et al., 2004; Khan et al., 2012, 2015; Ragni et al., 2008; Khan
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Figure 4. Genome-wide RPL Targets Identified by ChIP-Seq

(A and B) Enrichment of RPL binding sites within promoter regions (A} and downstream regions {B) compared with transcribed regions, for the 2,917 high-
confidence RPL candidate targets {Table S1). Red bars show the frequency of peak regions (overlap of peaks from three ChiP-seq replicates) centered at the
indicated nucleotide positions relative to transcript start (A) or end {B); blue bars show how simulated peaks at random genome positions were distributed within
the set of high-confidence RPL targets. Based on 10,000 simulations, the observed RPL binding sites were significantly enriched (p < 10 %) in both promoter and
downstream regions compared with transcribed regions.

(C) Enrichment for sequence motifs within 75 nt of the RPL binding sites analyzed in {A) and (B), detected using the MEME Suite (Bailey et al., 2009). Curves on the
right show the frequency distribution of enriched motifs, relative to the center of the peak region (red line).

(D) Representative raw ChIP-seq peaks (replicate 1 only) for control genes {ATHT, KNAT6) and two key organ boundary genes (CUCT, LSH4). Dark-blue bars
show regions of overlap between peaks detected in three replicates (peak regions mentioned in A-C); green bars and lines are exons and introns, respectively;
numbers above each graph show chromosome position in kilobases. All genes are oriented 5 {left) to 3’ (right).

(E) Semantic clustering (Supek et al., 2011) of GO categories enriched in the set of 2,917 candidate RPL targets {Table S2). The diameter and color of each circle
reflect the p value for individual GO terms within the cluster; the broad temms used to describe each cluster are attributed to specific GO terms in Table S2.
See also Figure S3; Tables S1 and S2.

et al., 2015), as well as genes that interact with RPL during
flowering, floral organ, and fruit development, such as LEAFY
(LFY), AGAMOUS (AG), APETALA 1 (APT), SEPALLATA 3
(SEP3), APETALA 2 (AP2), SHATTERPROOF 1 (SHP1),
SHP2, FRUITFULL (FUL), and MIR156A, C, and E (Lal et al.,
2011; Roeder et al., 2003; Smaczniak et al., 2012; Andrés
et al., 2015). Anti-GFP antibodies were used to pull down
DNA bound by RPL-GFP expressed as a genomic fusion
(pRPL:RPL-GFP) that mirrored the endogenous RPL expres-
sion and complemented the rp/-7 mutant (Figure S1). ChIP-
seq peaks with a false discovery rate of less than 0.001 and
consistently detected in three RPL-GFP replicates but not in
wild-type replicates were selected and associated with genes
that contained a peak within 3 kb upstream and 1.5 kb down-
stream of their coding sequences (see examples in Figure 4D).
From the list of genes that satisfied these conditions, we
selected a set of 2,917 high-confidence candidates (Table
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§1) that showed a peak enrichment at least as high as the
positive control gene with the lowest enrichment (APETALA2).

Within the high-confidence targets set, ChiP-seq peaks were
depleted in transcribed regions but enriched in the immediately
adjacent regions, as expected for the role of RPL as a tran-
scriptional regulator (Figures 4A, 4B, and 4D). BLH proteins
function with a KNOX homeodomain partner (Bellaoui et al.,
2001), which is BP in the case of RPL (Smith and Hake,
2003). Accordingly, sequences in the vicinity of the peak sum-
mits were significantly enriched for short motifs containing
TGAC/T (Figure 4C), similar to the binding sites previously
described for BLH and KNOX proteins (Smith et al., 2002).
Gene ontology (GO) analysis (Falcon and Gentleman, 2007)
followed by semantic clustering (Supek et al., 2011) revealed
clusters of highly enriched functional categories (Figure 4E
and Table S2). As for other master regulatory genes (Kaufmann
et al.,, 2009; Schiessl et al., 2014), the most highly enriched
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terms were related to transcriptional control (Table S1). The
second most highly enriched cluster of GO terms comresponded
to meristem functions, early organogenesis, and reproductive
development, as detailed below. Additional sets of enriched
terms were related to hormone metabolism and responses
(particularly involving auxin, gibberellin, and jasmonic acid),
ion and sugar transport, and responses to external stimuli
(e.g., pathogens and light) (Figure 4E).

Genes in the “meristem development and organogenesis”
cluster revealed direct links to many well-known players in shoot
development. Reflecting the role of RPL in meristem establish-
ment, its targets included genes involved in maintaining
the stem cell niche: SHOOT MERISTEMLESS, CLAVATA 1,
A-TYPE RESPONSE REGULATOR 7 (ARR7), ARR15, and
ARGONAUTE 10 (Aichinger et al., 2012). Based on its antago-
nism with ATH7, BOP1, BOP2, and KNATS, which are expressed
at the boundary between lateral organs the stem, RPL has been
proposed to oppose organ boundary development (Khan et al.,
2015); accordingly, RPL interacted directly with the majority of
known organ boundary genes, including CUP-SHAPED
COTYLEDONS 1 (CUCT), CUC3, CUC-repressing microRNAs
(miR164B and miR164C), known downstream components of
the CUC pathway LATERAL ORGAN FUSION 1 (LOFT), LOF2,
LIGHT-DEPENDENT SHORT HYPOCOTYL 3 (LSH3), LSH4,
and multiple members of the LATERAL ORGAN BOUNDARIES
(LOB) DOMAIN famiily, including LOB and JAGGED LATERAL
ORGANS (Zadnikové and Simon, 2014; Hepworth and Pautot,
2015). Furthermore, the ChIP-seq results revealed links between
RPL and a large number of genes involved in shoot organogen-

Figure 5. Genes Regulated by RPL Include
the Boundary Gene LSH4

{A}) Overlap between ChIP-seq results and genes
that were differentially expressed (DEGs) in wild-
type and rpl-1 inflorescence apices (Table S3). The
overlap of both sets was larger than expected by
chance {p = 1.64 x 1078, Fisher's exact test).

{B) Semantic clustering (Supek et al., 2011) of GO
categories enriched in the set of 136 direct RPL
target genes. The diameter and color of each circle
reflect the p value for individual GO terms within the
cluster; broad terms used to describe each cluster
are attributed to specific GO terms in Table S4.
{C) gRT-PCR measurement of LSH4 and LOB
expression levels in wild-type and rp/-1 inflores-
cence apices. Bars and lines show means and SD
{three biological replicates), with asterisks indi-
cating significant difference (Student’s t test;
LSH4: *p < 0.01, LOB: *p < 0.05).

{D-F) orthogonal views of confocal image stacks of
inflorescence apices showing the expression
pattem of pRPL-RPL-GFP (D), pL.SH4:L SH4-GFPin
wild-type (E). and pLSH4:L SH4-GFP in mpi-1 (F). In
each image, the yellow cross-hairs mark the same
point in the top and side views. Scale bars, 50 pm.
See also Tables S3 and S4.

mwt mpll

*%

LSH4

esis, including genes that control abaxial/
adaxial identity, organ growth, cell cycle,
cell-wall functions, and vascular deve-
lopment (Table S1). In summary, the
ChIP-seq results placed RPL in a central hub connecting many
of the key regulatory pathways in shoot development.

RPL Promotes Rib Meristem Function by Antagonizing
the Organ Boundary Gene LSH4

Many of the target genes mentioned above are likely regulated
by both RPL and its close homolog PNF, since these two genes
function redundantly in meristem establishment and in the con-
trol of the floral transition. To narrow down the list of genes
that could mediate the role of RPL in the RZ, we took advantage
of the fact that some processes, such as stem elongation and
fruit development, are preferentially affected in the rp/ single
mutant (Smith and Hake, 2003; Roeder et al., 2003; Byme
et al., 2003). To filter the ChIP-seq data for genes relevant to
stem development, we looked for transcriptome changes in
dissected inflorescence apices of rpl-7 compared with the
wild-type (Table S3). Although the majority of differences in
mRNA abundance were expected to result from indirect,
steady-state effects of RPL, the set of differentially expressed
genes (DEGs) was significantly enriched for direct RPL targets
based on ChIP-seq (p = 1.64 x 10 8 Fisher's exact test; Fig-
ure 5A). The 136 directly regulated targets included approxi-
mately equal numbers of upregulated (67) and downregulated
genes (69) (Table S3), indicating that RPL can function as both
a transcriptional activator and repressor. GO analysis of these
genes showed clusters similar to those in the ChIP-seq experi-
ments, highlighting meristem development and organogenesis,
regulation of hormone levels, responses to hormones and
external stimuli, and transport of ions and sugar (Figure 5B and
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Figure 6. LSH4 Expression Causes the rpf Defects in RZ Development and Stem Growth

(A-D) Longitudinal sections through confocal image stacks of inflorescence apices stained by mPS-Pl, overlaid with images of segmented cell facets detected as
new walls and colored {color scale above A) according to their radial orientation as in Figure 2A. (A) Wild-type (Columbia); (B) rpi-2; (C) Ish4-1; (D) rpi-2 Ish4-1.
(E and F) Boxplots showing the distribution of new wall radial angles (E) or angles to the main stem axis {F). Colors correspond to the genotypes indicated above
(A and B). n indicates the number of new walls in each set {combined data from four apices for each genotype); asterisks indicate statistically significant
differences (”*p < 0.01, *™p < 0.001, Mann-Whitney test).

(G-J) Inflorescences of wild-type Columbia {G), rp/-2 {H), Ish4-1 {I), and Ish4-1 rpl-2 {J), 4 days after the first flower self-pollinated and black marks were placed on
the stem at 2-mm intervals to track growth rates.

(K) Relative growth of different stem regions, measured by tracking landmarks placed on the stem as in {G)—J). The graph shows mean and SD; the number of
replicates is indicated on the color legend for each genotype; asterisks indicate statistically significant differences relative to the wild-type (*p < 0.01, Student’s
1 test). The horizontal axis shows the original distance of landmarks to the apex, before growth.

In the boxplots, the box extends from the lower to upper quartile values with a line at the median; whiskers extend to 1.5 times the interquartile range, and outlier

points beyond the whiskers are shown in red. Scale bars, 50 pm (A-D) and 1 cm (G-J}. See also Figure S6.

Table S4). The meristem and organogenesis cluster included
components of the core RPL regulatory module (ATHT,
KNATES), genes that regulate meristem function (STM, ARR7,
AGOT70, HAM3), and genes implicated in organ boundary devel-
opment (LSH4, LOB) (Table S3).

Of the known regulators of shoot development present in the
set of directly regulated targets, LSH4 showed the most signifi-
cant differential expression (Table S3). We next focused on this
gene, considering that LSH4 functions downstream of CUC
genes, which control not only organ boundary development
but also stem development (Vroemen et al., 2003; Hibara et al.,
2006). The higher expression of LSH4 in the mutant, seen in
the transcriptome profiling, was verified by RT-PCR, and similar
results were obtained for LOB (Figure 5C). To determine the
spatial localization of LSH4, we used a genomic fusion with
GFP (pLSH4:LSH4-GFP) to visualize the expression pattern in
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apical meristems. In wild-type apices we observed GFP around
the base of floral buds and in the peripheral region of the RZ (Fig-
ure 5D), similar to the previously described expression pattern
for LSH4 (Takeda et al., 2011). In contrast, in the rp/-7 mutant,
the region of pLSH4:LSH4-GFP expression extended into the
central region of the RZ (Figure 5E). Comparable results were
obtained with the pCUC7:CUC1-GFP organ boundary reporter
(Baker et al., 2005), confirming that RPL represses a suite of
organ boundary genes in the RZ (Figure S4).

To test the functional relevance of LSH4 repression by RPL,
we crossed the rpl-2 and /sh4-1 mutants (both strong alleles in
the Columbia accession) (Takeda et al., 2011; Roeder et al.,
2003). Similar to our observations for rp/-7, cells in the RZ ap-
peared less ordered in rp/-2 than in wild-type apices (Figures
6A and 6B), with significant differences in the orientation of
new walls in the central region (RC), relative to both the radial
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axes (Figure 6E) and the stem main axis (Figure 6F). We did not
observe differences in the RC of the Ish4-7 single mutant
compared with the wild-type, although the mutant did show an
increase in radially oriented divisions in the AR of the meristem
(Figure 6E). Inthe double mutant rp/-2 Ish4-1, the RC was visibly
more ordered than in 7p/-2 (Figure 6D) and the orientation of cell
divisions was restored to the wild-type pattern in the RC,
although not in the surrounding RP (Figures 6E and 6F). The
defect in stem elongation of rp/-2 was also suppressed in rp/-2
Ish4-1 due to restoration of elongation rates close to the inflores-
cence apex (Figures 6G-6K), while defects in fruit development
were not suppressed in the double mutant (Figure S5).

In conclusion, ectopic LSH4 expression caused most of the
defects in RZ function and stem growth seen in the rp/ mutant.
Mutations in BOP1, BOP2, ATH1, and KNAT6 have been shown
to restore all wild-type functions in the rp/ mutant, including flow-
ering time and fruit development, indicating that these genes
function within the same central regulatory node as RPL (Khan
et al., 2012, 2015; Ragni et al., 2008; Khan et al., 2015). In
contrast, /sh4-1 suppressed a subset of the rp/-2 phenotypes,
suggesting a more specialized role for organ boundary functions
in the control of stem growth by RPL. In accordance with a role
for LSH4 downstream of the BOP1/BOP2/ATH1/KNAT6 module,
suppression of the rp/-2 defects by knat6-2 included restoration
of LSH4 repression and rescue of oriented divisions in the RZ
(Figure S6). At the same time, the almost complete rescue
of RZ function and stem growth in the rp/ Ish4 double mutant
(Figure 6) suggests that if additional organ boundary genes are
relevant to the control of RZ function by RPL, these genes func-
tion within a module that requires LSH4 activity.

DISCUSSION

Our results provide insight into the 3D patterns of growth and cell
division in the deep layers of the shoot apical meristem, a region
crucial for the development of new stem tissues. We reveal that
RPL controls RZ function not through the rate of cell growth and
proliferation but by repressing organ boundary genes to allow
the establishment of central and peripheral regions, which
have characteristic patterns of oriented cell division.

Organ boundaries are considered regions of reduced growth
(Hepworth and Pautot, 2015), so activation of boundary genes
in the RZ could be expected to inhibit tissue growth (Zadnikova
and Simon, 2014; Hepworth and Pautot, 2015). However, our
clonal analysis did not reveal reduced growth rates in tissues
that expressed LSH4, i.e., in the RP region in the wild-type and
pl-1, or in the RC region of rp/-1 (Figure 6). Instead, the most
obvious change caused by LSH4 was in the orientation of cell di-
visions. Ectopic LSH4 expression in the rp/ mutant may have nar-
rowed the rib meristem because of the lower frequency of radial
divisions observed in the RC region, where the rib meristem is
initiated (Figures 2 and 6), or may have induced inappropriate
radial divisions during subsequent growth of the rib meristem.
Either way, within the region of the developing stem that overlaps
the RPL expression domain (Smith and Hake, 2008) (Figure S8),
the primary consequence of losing RPL function was not a
reduction in overall growth, but a defect in establishing distinct
central and peripheral regions. The reduced stem growth seen
within a few millimeters of the apex in the rp/ mutant is likely an

indirect consequence of the early RZ defects. One possibility is
that an abnormal or displaced boundary between the central
and peripheral RZ might affect development of the stem vascu-
lature and interfascicular fibers, which form at this boundary, are
affected in the rp/ mutant, and have been proposed to mechan-
ically constrain stem elongation (Muniz et al., 2008; Mele et al.,
2003; Smith and Hake, 2003).

An important question is by which mechanism RPL and LSH4
could affect oriented cell growth and division. Mechanical stress
during tissue growth feeds back to influence the orientation of
microtubule arrays and cell division (Hamant et al., 2008), so a
possible mechanism would be that the visibly thicker cell walls
of the rib meristem (e.g., Figures 2A and 6C) could impose me-
chanical constraints on the surrounding tissues. Alternatively,
RPL and LSH4 could modulate auxin signaling or transport.
The orientation of cell divisions responds to auxin (Yoshida
et al., 2014), perhaps through regulation of the molecular mech-
anism that orients the mitotic spindle, or perhaps indirectly by
setting the direction of cell growth (Sassi and Traas, 2015).
Furthermore, auxin transport is regulated at organ boundaries
to create a low-auxin environment (Heisler et al., 2010; Wang
et al.,, 2014; Hepworth and Pautot, 2015). A role in regulating
auxin functions is also suggested by our ChIP-seq results
showing direct interaction between RPL and multiple genes
involved in auxin transport and signaling (Vanneste and Friml,
2009), e.g., PIN-FORMED 5 (PIN5), PIN6, LIKE AUXIN 1
(LAX1), LAX3, AUXIN RESPONSIVE FACTOR 4 (ARF4), ARF6,
ARF8, ARF10, ARF11, and ARF17 (Table S1).

Atfirst sight it could be expected that the rate of stem elonga-
tion would simply reflect the rate of cell growth and proliferation
in the RZ, just as root elongation reflects the rate at which new
cells are produced by the root meristem (Beemster and Baskin,
1998). Contrary to this expectation, our results emphasize the
regulation of axial growth through orientation, rather than rates
of cell growth and division. In an analogous way, it has been
assumed that elongation of the vertebrate limb results from a
proximodistal gradient of cell proliferation, butrecent 3D imaging
and mathematical modeling highlighted the role of oriented cell
activities (Boehm et al., 2010). In addition to providing insight
into the internal cell behavior required for growth of a 3D struc-
ture, our work opens the way to study and modify a develop-
mental process that influences plant traits with key practical
importance.

EXPERIMENTAL PROCEDURES

Plant Material

Plants were grown on JIC Arabidopsis Soil Mix at 16°C under continuous light
(100 pE). Arabidopsis thatiana Landsberg-erecta (L-er) and Columbia (Col)
were used as wild-types; rpf-1 (Roeder et al., 2003), pf-2 (Roeder et al.,
2003), Ish4-1 (Takeda et al., 2011), knat6-2 (Ragni et al., 2008), pCUCT:
CUCT-GFP (Baker et al., 2005), and hsp18.2:Cre (Sieburth et al., 1998) have
been i Transgenic lines were g by floral dip transformation
(Clough and Bent, 1998).

PCR primers used to create DNA constructs are listed in Supplemental
Experimental Procedures. For construction of pRPL:RPL-GFP, RPL was
amplified from Col genomic DNA and fused in-frame with sGFP(S65T) (Chiu
et al., 1996), and cloned into pPZP222 (Hajdukiewicz et al., 1994). For con-
struction of pLSH4:LSH4-GFP, LSH4 was amplified from Col genomic DNA
and the sGFP(S65T) cDNA was inserted in-frame at the end cof the LSH4
coding sequence before assembly into pCambia 1300 (CAMBIA). The
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358:1oxCFPIoxGFP was created by Golden Gate cloning in the vector
PAGM4723 (Addgene #48015) as described by Weber et al. (2011), using
synthesized DNA (Lifetech) for the 35S premoter, loxP reverse, CFP-ER, 355
terminator, loxP reverse, GFP-ER, and the actin terminator (see Supplemental
Experimental Procedures for sequences).

Imaging and Image Analysis
Dissection and live imaging of inflorescence apices, including time-lapse
experiments, and imaging of apices stained by the modified pseudo-Schiff

propidium iodide (mMPS-Pl) method were p as ibed p y

description format (CDF) file for the AGRONOMICS1 array and TAIR10 (Mulller
et al., 2012). Raw and processed data have been deposited in the NCB| Gene
Expression Omnibus (Edgar et al., 2002) under accession number GEO:
GSE78511.

qPCR
qRT-PCR was performed as published by Schiessl et al. (2012) (details in Sup-
plemental Experimental Procedures).

(Serrano-Mislata et al., 2015; Truemit and Haseloff, 2008). For generation of
Cre-loxP sectors, plants hemizygous for hsp18.2:Cre and 3585 JoxCFPloxGFP
were heat-shocked by i ing their infl apices in a water bath at
38.5°C for 70 s and returned to standard growth conditions for 3 days before
dissection and live imaging.

For 3D segmentation, cell measurements, and matching cells at different
time points, 3D_meristem_analysis was used (Serrano-Mislata et al., 2015),
with additional scripts added to detect and analyze the 3D orientation of
new cell walls, to landmark, align, and measure Cre-loxP sectors from different
apices (Data S1).

Ci I S and
Data Analysis
ChIP was performed on di infl ce apices as ibed by

Schiessl et al. (2014) (details in Supplemental Experimental Procedures). Six
lllumina TruSeq ChiP-seq libraries (three pRPL: RPL-GFP replicates and three
wild-type controls) were produced as described by <aufmann et al. (2009) and
sequenced (50-bp single-end reads) using a HiSeg 2500 (Rapid-Run mode) as
described by the manufacturer (llumina). Reads from three replicate treat-
ments and threereplicate controls were aligned against the TAIR10 Col-O refer-
ence seguence with Bowtie2 (v2-2.1.0; Langmead and Salzberg, 2012), data
were sorted and indexed with SAMtools (Li et al., 2009), and MACS 2.0.10
{Feng et al., 2012) was used to call peaks and calculate fold enrichments
and g values, ing the bi i with combined controls.

M of Stem Growth

Plants were grown as described above; when the first flower self-pollinated,
ink dots were manually placed on the stem at 2-mm intervals and photo-
graphed next to a ruler. After a further 4 days of growth, the stems were photo-
graphed again. The ink marks and positions on the rules were landmarked
manually on the images using the Point Picker plugin of Fiji (Schindelin et al.,
2012). Distances between landmark coordinates were measured, graphs
were plotted, and Mann-Whitney U tests and Student's t tests were performed
using standard functions in matplotlib {(hitp://matplotiib.org), Python 2.7, and
Scientific Python (http://www scipy.org).

ACCESSION NUMBERS

Raw and processed data have been deposited in the NCB| Gene Expression
Omnibus under accession numbers GEO: GSE78727 and GSE78511.

SUPPLEMENTAL INFORMATION

Supplemental Ir includes tal Experimental Pi jures,
six figures, four tables, and two data files and can be found with this article
online at http://dx.doi.org/10.1016/j.deveel 2016.08.013.

AUTHOR CONTRIBUTIONS

For selection of peaks that were consistently d across r
peak calling with MACS 2.0.10 was applied to individual replicates and over-
lapping peak regions were accepted if they had g values of 10 * or lower in
each RPL:RPL-GFP replicate, were not detected in any of the negative con-
trols, and the overlapping region was at least 50 nt long. After this filtering
step, peaks were attributed to gene models within 3 kb upstream or 1.5 kb
of the sponding coding without intervening

coding sequences. For peak overlaps and association to gene models, the
script Overlap_MACS2_files.py was used (details in annotated source code,
associated gene models, and annotation tables in Data S2). ChIP-seq data
were visualized using the Integrative Genomics Viewer (Robinson et al., 2011).

To analyze the distribution of peaks within genes we used the script peak_
statistics.py, which also includes details of the Monte Carlo method used to
estimate the p value for the hypothesis that these frequencies cerrespond to
a random distribution of peaks within genes (Data $2). For detection of
enrichment for sequence motifs, MEME-ChIP (hitp:/meme-suite.org/tools/
meme-chip) (Bailey et al., 2009) was used in discriminative mede, comparing
the sequences around chserved peaks with a control set of sequences around
a 10-fold larger number of random peaks; both sets were produced with script
peak_sequences.py (Data S2). To test for overrepresented GO terms, we used
the hypergeometric test of the GOstats package (Falcon and Gentleman,
2007) with the org.At.tair.db annotation package (Gentleman et al., 2004),
and Revigo (Supek et al., 2011) was used to cluster enriched terms.

Raw and p data have b inthe NCBI Gene Expressicn
Omnibus (Edgar et al., 2002) under accession number GEO: GSE78727.

Transcriptome Analysis

Ten micrograms of RNA was extracted from inflorescence apices of wild-type
L-er and rpt-1 (three replicates each) with Trizol (Sigma) and purified using
Qiagen RNAeasy columns (Qiagen) according to the manufacturer’s instruc-
tions. AGRONOMICS1 arrays {(Affymetrix) were hybridized with labeled
cDNA following the manufacturer’s instructions. To detect DEGs, we used
the affimGUI package (hitp://bicinf.wehi.edu.awaffdmGUI/about.html) to
run LIMMA (Linear Models for MicroArray data) (Smyth, 2005) using a chip
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Standards for plant synthetic
biology: a common syntax for
exchange of DNA parts

Summary

Inventors in the field of mechanical and electronic engineering can
access multitudes of components and, thanks to standardization,
parts from different manufacturers can be used in combination with
each other. The introduction of BioBrick standards for the assembly
of characterized DNA sequences was a landmark in microbial
engineering, shaping the field of synthetic biology. Here, we
describe a standard for Type IIS restriction endonuclease-mediated
assembly, defining a common syntax of 12 fusionsites to enable the
facile assembly of eukaryotic transcriptional units. This standard has
been developed and agreed by representatives and leaders of the
international plant science and synthetic biology communities,
including inventors, developers and adopters of Type IS cloning
methods. Our vision is of an extensive catalogue of standardized,
characterized DNA parts that will accelerate plant bioengineering.

Introduction

The World Bank estimates that almost 40% of [and mass is used for
cultivation of crop, pasture or forage plants (World Development
Indicators, The World Bank 1960-2014). Plants also underpin
production of building and packing materials, medicines, paper
and decorations, as well as food and fuel. Planc synthetic biology
offers the means and opportunity to engineer plants and algae for
new roles in our environment, to produce therapeutic compounds
and to address global problems such as food insecurity and the
contamination of ecosystems with agrochemicals and macronutri-
ents. The adoption of assembly standards will greatly accelerate the
pathway from product design to market, enabling the full potential
of plant synthetic biology to be realized.

The standardization of components, from screw threads to
printed circuit boards, drives both the speed of innovation and the
economy of production in mechanical and electronic engineering.
Products as diverseas ink-jet printers and airplanesare designed and
constructed from component parts and devices. Many of these
components can be selected from libraries and catalogues of
standard parts in which specifications and performance character-
istics are described. The agreement and implementation of
assembly standards that allow parts, even those from multiple

© 2015 The Authors
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manufacturers, to be assembled together has underpinned inven-
tion in these fields.

This conceptual model is the basis of synthetic biology, with
the same ideal being applied to biological parts (DNA
fragments) for the engineering of biological systems. The first
widely-adopted biological standard was the BioBrick, for
which sequences and performance data are stored in the
Registry of Standard Biological Parts (Knight, 2003). BioBrick
assembly standard 10 (BBF RFC 10) was the first biological
assembly standard to be introduced. Its key feature is that
the assembly reactions are idempotent: each reaction retains
the key structural eclements of the constituent parts so that
resulting assemblies can be used as input in idencical assembly
processes {Knight, 2003; Shetty ez al, 2008). Over the years,
several other BioBrick assembly standards have been developed
that diminish some of the limitations of standard 10 (Phillips
& Silver, 2006; Anderson ezal, 2010). Additionally, several
alternative technologies have been developed that confer the
ability to assemble multiple parts in a single reaction (Engler
etal., 2008; Gibson etal, 2009; Quan & Tian, 2009; Li &
Elledge, 2012; Kok etal., 2014).

While overlap-dependent methods are powerful and generally
result in ‘scarless’ assemblies, their lack of idempotency and the
requirement for custom oligonucleotides and amplification of even
well characterized standard parts for each new assembly are
considerable drawbacks (Ellis e @/, 2011; Liu et @/, 2013; Patron,
2014). Assembly methods based on Type IIS restriction enzymes,
known widely as Golden Gate cloning, are founded on standard
parts that can be characterized, exchanged and assembled cheaply,
easily, and in an automatable way without proprietary tools and
reagents (Engler ez al., 2009, 2014; Sarrion-Perdigones ez al., 2011;
Werner et al., 2012).

Type 1IS assembly methods have been widely adopted in plant
research laboratories with many commonly used sequences being
adapted for Type IIS assembly and subsequently published and
shared through public plasmid repositories such as AddGene
(Sarrion-Perdigones ez al., 2011; Weber et al,2011; Emami et al.,
2013; Lampropoulos et al., 2013; Binder ez al., 2014; Engler et al.,
2014; Vafaee etal., 2014). Type IIS assembly systems have also
been adopted for the engineering of fungi (Terfriichee ez al., 2014)
and ‘IP-Free’ host expression systems have been developed for
bacteria, mammals and yeast (Whitman ez al, 2013).

To reap the benefits of the exponential increase in genomic
information and DNA assembly technologies, bioengineers require
assembly standards to be agreed for multicellular eukaryotes. A
standard for plants must be applicable to the diverse taxa that
comprise Archaeplastida and also be capable of retaining the
features that minimize the need to reinvent common steps such as
transferring genetic material into plant genomes. In this Viewpoint
article, the authors of which include inventors, developers and
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adopters of Golden Gate cloning methods from multiple
international institucions, we define a Type IIS genetic grammar
for plants, extendible to all eukaryotes. This sets a consensus for
establishing a common language across the plant field, putting in
place the framework for a sequence and data repository for plant
parts.

Golden Gate cloning

Golden Gate cloning is based on Type IIS restriction enzymes and
enables parallel assembly of multiple DNA parts in a one-pot, one-
step reaction. Contrary to Type II restriction enzymes, Type IIS
restriction enzymes recognize nonpalindromic sequence motifsand
cleave outside of their recognition site (Fig. 1a). These features
enable the production of user-defined overhangs on either strand,
which in turn allow muldple parts to be assembled in a
predetermined order and orientation using only one restriction
enzyme. Parts are released from their original plasmids and
assembled into a new plasmid backbone in the same reaction,
bypassing time-consuming steps such as custom primer design,
PCR amplification and gel purification (Fig. 1b).

The one-step digestion—ligation reaction can be performed with
any collection of plasmid vectors and parts providing that:
(1) Parts are housed in plasmids flanked by a convergent pair of
Type 118 recognition sequences;

@ Bsaly, |
GGTCTCNNNNN,
CCAGAGNNNNN;
(b)

New
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(2) The accepting plasmid has a divergent pair of recognition
sequences for the same enzyme, between which the part or parts will
be assembled;

(3) The parts themselves, and all plasmid backbones, are otherwise
free of recognition sites for this enzyme;

(4) None of the parts are housed in a plasmid backbone with the
same antibiotic resistance as the accepting plasmid into which parts
will be assembled;

(5) The overhangs created by digestion with the Type IIS
restriction enzymes are unique and nonpalindromic.

To date, several laboratories have converted ‘in-house’ and
previously published plasmids for use with Golden Gate cloning
and have assigned compatible overhangs to standard elements such
as promoters, coding sequences and terminators found in eukary-
otic genes (Sarrion-Perdigones et al, 2011; Weber et al., 2011;
Emami e al.,, 2013; Lampropoulos ¢z al.,, 2013; Binder et al., 2014;
Engler etal, 2014). The GoldenBraid2.0 (GB2.0} and Golden
Gate Modular Cloning (MoClo) assembly standards, the main
features of which are described later, are both widely used having
been adopted by large communities of plant research laboratories
such as the European Cooperation in Science and Technology
(COST) network for plant metabolic engineering, the Engineering
Nitrogen Symbiosis for Africa (ENSA) project, the C4 Rice project
and the Realizing Increased Photosynthetic Activity (RIPE)
project. MoClo and GB2.0 are largely, though not entirely,

: EBsal

NNNNNGAGACC

fARARLLL

NNNNNCTCTGG

Bacterial selection A

Bacterial selection B

One step digestion—ligation reaction with Bsal and T4 ligase.
Selection for colonies carrying plasmids with Bacterial selection B.

NN

NNNN Part 1 Part 2 N Part 3

N
NNNN NNNN

Bacterial selection B

Fig.1 (a) Type IS restriction enzymes such as Bsal are directional, cleaving outside of their nonpalindromic recognition sequences. (b) Providing compatible
overhangs are produced on digestion, standard parts cloned in plasmid backbones flanked by a pair of convergent Type IIS restriction enzyme recognition sites
can be assembled in a single digestion-ligation reaction into an acceptor plasmid with divergent Type IIS restriction enzyme recognition sites and a unique
bacterial selection cassette.
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compatible. Other standards have been developed independently
resulting in parts that are noninterchangeable with laboratories
using MoClo or GB2.0. Even small variations prevent the exchange
of parts and hinder the creation of a registry of standard,
characterized, exchangeable parts for plants. The standard syntax
defined later addresses these points, establishing a common
grammar to enable the sharing of parts throughout che plant
science community, whilst maintaining substantial compatibilicy

with the most widely adopted Type IIS-based standards.

A standard Type IS syntax for plants

Plasmid backbones of standard parts

For sequences to be assembled reliably in a desired order and ina
single step, all incernal instances of the Type I1S restriction enzyme
recognition sequence must be removed. The removal of such sites
and the cloning into a compatible backbone, flanked by a
convergent pair of Type IIS restriction enzyme recognition
sequences, is described as ‘domestication’. Assembly of standard
parts into a complete transcriptional unit uses the enzyme Bsal.
Standard parts for plants must minimally, therefore, be domesti-
cated for Bsal {Fig.2). Parts must also be housed in plasmid
backbones that, apart from the convergent pair of Bsal recognition
sites flanking the part, are otherwise free from this modif. The
plasmid backbone should also not contain bacterial resistance to
ampicillin/carbenicillin or kanamycin as these are commonly
udilized in the plasmids in which standard parts will be assembled
into complete transcriptional units (Sarrion-Perdigones et af.,

(a)
Type
lllegal
Avoid
Avoid

(b) Bsal

Fig.2 (a) Standard parts for plants are free

2013; Engler et al., 2014) (Fig. 2). When released from its plasmid
backbone by Bsal, each part will contain specific, four-base-pair, ¢
overhangs, known as fusion sites (Fig. 2).

For assembly of transcriptional units into multigene constructs
MoClo and GB2.0 require that parts are free of at least one other
enzyme. In both systems transcriptional units can be used directly
or may be assembled with other transcriptional units to make
multigene assemblies. MoClo uses Bpil to assemble multiple
transcriptional units in a single step. These can be reassembled into
larger constructs using either Bsal and BsmBI (Weber et al., 2011)
or by an iterative, fast-track method that alternates between Bsal
and Bpil (Werner et al., 2012). GB2.0 uses Bsal and BsmBI for
iterative assembly of transcriptional units into multigene constructs
(Sarrion-Perdigones ez al., 2013). All three enzymes recognize six
base-pair sequences and produce four-base-pair 5 overhangs.
Compatibilitcy with MoClo and GB2.0 multigene assemble
plasmid systems can therefore be obtained by domesticating Bpil
and BimBI as well as Bsal recognition sequences (Fig. 2).

Standard parts

A standard syntax for eukaryotic genes has been defined and 12
fusion points assigned (Fig. 3). Such complexity allows for the
complex and precise engineering of genes that is becoming
increasingly important for planc synchetic biology. Standard parts
are sequences that have been doned into a compatible backbone
(described earlier) and are flanked by a convergent pair of Bsal
recognition sequences and two of the defined fusion sites. The
sequence can comprise just one of the 10 defined parts of genetic

Enzyme Sequence Compati y
GGTCTCNANNN Plant standard
Beel CCACGANNNNN MoClo, GB2.0
GAAGACNNNNNN
ol CTTCTGNNNNNN; MoGlo
CGTCTCNNNNN GB2.0
Eamhl GCAGAGNNNNN; MoClo (Level 2i+)

GGTCTCnb234nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn§678n6AgACC

CCAGAGNIZ34nnnnnnnnnnnnnnnnnannnnnnnnnnnnn5678nCTCTGG
N : s

from Bsal recognition sequences. To be
compatible with Golden Gate Modular
Cloning (MoClo) and GoldenBraid2.0 (GB2.0)
they must also be free from Bpil and BsmBlI
recognition sequences. (b) Standard parts are
housed in plasmid backbones flanked by
convergent Bsal recognition sequences. The
plasmid backbones are otherwise free from
Bsal recognition sites. The plasmid backbone
should not confer bacterial resistance to
ampicillin, carbenicillin or kanamycin. When
released from their backbone by Bsal, partsare
flanked by four-base-pair 5" overhangs,
known as fusion sites.

2015 The Authors
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syntax bounded by an adjacent pair of adjacent fusion sites.
However, when the full level of complexity is unnecessary, or if
particular functional elements such as amino (N}- or carboxyl (C)-
terminal tags are not required, standard parts can comprise
sequences that span multiple fusion sites (Fig. 3.

The sequences that comprise the fusion sites have been
selected both for maximum compatibilicy in the one-step
digestion—ligation reaction and to maximize biological func-
tionality. The 5’ nontranscribed region is separated into core,
proximal and distal promoter sequences, with the core region
containing the transcriptional start site (TSS). The transcribed
region is separated into coding parts and 5" and 3’ untranslated
parts. For maximum flexibility, an ATG codon for methionine
is wholly or partially encoded into two fusion sites. The
translated region, therefore, may be divided into three or four
parts. The 3’ nontranslated region is followed by the 3
nontranscribed region, which contains the polyadenylation
sequence (PAS). Amino acids coded by fusion sites within the
coding region have been rationally selected: neutral, nonpolar
amino acids, methionine and alanine, are encoded in the 3’
averhangs of parts that may be used to house signal and transic
peptides in order to prevent interference with recognition and
cleavage. An alternative overhang, encoding a glycine, is also
included to give greater flexibility for the fusion of nondeaved
coding parts. Serine, a small amino acid commonly used to link
peptide and reporter tags, is encoded in the overhang that will
fuse C-terminal tag parts to coding sequences.
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Universal acceptor plasmids (UAPS)

Universal acceptor plasmids (UAPs) allow the conversion of any
sequence to a standard part in a single step (Fig. 4). This is achieved
by PCR amplification of desired sequences asasingle fragment or, if
restriction sites need to be domesticated, as multiple fragments
(Fig. 4). The oligonucleotide primers used for amplification add 5’
sequences to allow cloning into the UAP, add the standard fusion
sites that the sequence will be flanked with when released from the
UAP asa standard part with Bsal and can also introduce mutations
(Fig.4). Two UAPs, pUPD2 (hutps://gbcloning.org/feature/
GB0307/) and pUAP1 (AddGene no. 63674} can be used to
create new standard parts in the chloramphenicol resistanc pSB1C3
backbone, in which the majority of BioBricks housed at the
Registry of Standard Parts are cloned. A spectinomycin resistant
UAP, pAGM9121 has been published previously (AddGene no.
51833; Engler et al,, 2014).

Compatibility with multigene assembly systems

Standard parts are assembled into transcriptional units in plasmid
vectors that contain the features and sequences required for delivery
to the cell, for example Left border (LB} and Right border (RB}
sequences and an origin of replication for Agrobacterium-mediated
delivery. Subsequently, transcriptional units can be assembled into
multigene constructs in plasmid acceptors that also contain these
features. It is important that a standard Type IIS syntax be

5

Position Name Function Overhang Overhang
" Distal promoter region, cis regulator St o Son
Al DIST or transcriptional enhancer GGAG TGAC
- Proximal promoter region, e o
A2 PROX of franscriptional enhancer TGAC TCCC
= < Minimal promoter region, including e o
A3 CORE transcription start site (TSS) Tcee TAC
Ad SUTR 5' untransiated region TACT CCAT
B2 NTAG N terminal coding region CCAT AATG = ”
. Fig. 3 Twelve fusion sites have been defined.
Coding region — optional AGCC These sites allow a multitude of standard parts
B3 CDS1 i " i AATG /
M fesminaliCoding/repion peal to be generated. Standard parts comprise any
Ceding region — no start AGCC X ortionof a gene cloned into a plasmid flanked
B4 chs2 ¥ st sodon AGGT TG F; & plasim
y a convergent pair of Bsal recognition
B5 CTAG C terminal coding region TTCG GCTT sequences. Parts can comprise the region
between an adjacent pair of adjacent fusion
B6 3UTR 3 untranslated region GOTT GGTA sites. Alternatively, to reduce complexity or
when a particular functional element is not
o e Transcription terminator including oCTA CGCT required, parts can span multiple fusion sites

polyadenylation signal (PAS) {examples in pink boxes)
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compatible with the plasmid vector systems that are in common use
such as GB2.0 and MoClo while also allowing space for further
innovation in Type IIS-mediated multigene assembly methodol-
ogies and the development of plasmid vectors with features
required for delivery to other species and by other delivery methods.
The definition of a standard Type I1S syntax for plants is therefore
timely and will allow the growing plant synthetic biology
community access to an already large library of standard parts.

Conclusions

Synthetic biology aims to simplify the process of designing,
constructing and modifying complex biological systems. Plants
provide an ideal chassis for synthetic biology, are amenable to
genetic engineering and have relatively simple requirements for
growth (Cook ez al., 2014; Fesenko & Edwards, 2014). However,
their eukaryotic gene structure and the methods commonly used
for transferring DNA to their genomes demand specific plasmid
vectors and a tailored assembly standard. Here, we have defined a

Type 1IS genetic syntax that employs the principles of part
reusability and standardization. The standard has also been
submitted as a Request for Comments (BBF RFC 106) (Rutten
etal., 2015) ac the BioBrick Foundation to facilitate iGEM teams
working on plant chassis. Using the standards described here, new
standard parts for plants can be produced and exchanged between
[aboratories enabling the facile construction of transcriptional
units. We invite the plant science and synthetic biology commu-
nities to build on this work by adopting this standard to create a
large repository of characterized standard parts for plants.
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Cortical microtubule arrays undergo rotary movements
in Arabidopsis hypocotyl epidermal cells

Jordi Chan'?, Grant Calder', Samantha Fox' and Clive Lloyd!

Plant-cell expansion is controlled by cellulose microfibrils

in the wall! with microtubules providing tracks for cellulose
synthesizing enzymes2. Microtubules can be reoriented
experimentally®-*! and are hypothesized to reorient cyclically
in aerial organs'?!4, but the mechanism is unclear. Here,
Arabidopsis hypocotyl microtubules were labelled with

AtEB 1a-GFP (Arabidopsis microtubule end-binding protein
1a) or GFP-TUAG (Arabidopsis «-tubulin 6) to record long
cycles of reorientation. This revealed microtubules undergoing
previously lockwise or ise rotati
Existing models emphasize selective shrinkage and regrowth'®
or the outcome of individual microtubule encounters to explain
realignment*®. Our higher-order view emphasizes microtubule
group behaviour over time. Successive microtubules move in
the same direction along self-sustaining tracks. Significantly,
the tracks themselves migrate, always in the direction of

the individual fast-growing ends, but twentyfold slower.
Spontaneous sorting of tracks into groups with common
polarities generates a ic of d ins. Dy slowly
migrate around the cell in skewed paths, generating rotations
whose progressive nature is interrupted when one domain is
displaced by collision with another. Rotary movements could
explain how the angle of cellulose microfibrils can change from
layer to layer in the polylamellate cell wall.

3 Taak

Cortical microtubules form tracks for cellulose-synthesizing complexes
that move along the surface of the plasma membrane. The orientation
of the cellulose microfibrils is then thought to constrain the direction
of turgor-driven cell expansion'. In elongating root cells'’, microtubules
tend to be perpendicular to the growth axis but orientation is more var-
iable in light-grown aerial organs of a variety of species**, including
Arabidopsis hypocotyls'®%. This greater angular dispersion, observed in
fixed cells of shoots, has led to suggestions that such microtubules may
be undergoing regular reorientation based on endogenous rhythms'*'4,
Plant microtubules are highly dynamic* and translocate by hybrid tread-
milling, in which the front end polymerizes more quickly than the back
end depolymerises™. At the whole-cell level, however, little is known

about how the entire array reorientates, as it has not been possible to
follow living cells for long periods nor, importantly, to determine micro-
tubule polarity during reorientation.

Here, Arabidopsis seedlings were grown in chambers® and placed
under a spinning disk confocal microscope so that epidermal cells of
hypocotyls could be followed for long periods as they elongate. Seedlings
expressing the microtubule plus end-binding protein, AtEBla-GFP*
were phenotypically indistinguishable from wild type and were used to
follow polarity in microtubule reorientation.

AtEB1a-GFP forms ‘comets’ at the growing ends of microtubules,
enabling the polarity of individual microtubules to be followed by
live-cell imaging®-*. However, to monitor longer-term behaviour,
2-day-oldseedlings expressing AtEB1a-GFP were used and successive 6 min
time-lapse movies were collected every 20 min for up to 24 h. To ensure that
the cortex was always sampled, each time-lapse movie was collected by z-
scanning adepth ofat least 15 um with a temporal resolution of 20 s, allow-
ing the polarity of microtubule growth to be discerned (see Supplementary
Information, Movie 1). Only those frames induding the upperepidermal face
were projected to trace the trajectories of growing microtubules and build an
overall pattern of the array (Fig. 1). Then, successivetime-lapse movies were
projected to form a movie showing how the microtubule array changes with
time (see below).

Microtubule alignment varies from cell to cell in light-grown
Arabidopsis hypocotyls'®-%, probably reflecting the slower growth in the
light””. Movies of 2- 3-day-old seedlings (see Supplementary Information,
Movies 2 and 3) reveal these patterns are not static as the entire microtu-
bule array undergoes striking reorientations, in some cases seeming to
rotate through 360°. Such movements, which were consistently observed
in all plants expressing AtEB1-GFP (10 plants), were also observed in
seedlings expressing GFP-TUAG (10 plants) and were therefore unre-
lated to labelling by AtEBla-GFP (see Supplementary Information,
Movie 4). Similar reorientations were also observed whether the seed-
ling was placed horizontally on the microscope stage or vertically on a
rotated microscope (see Supplementary Information, Movie 5).

In these slow-growing hypocotyls the pattern of re-orientation
differed between cells. For instance, the time taken for the array to
reorientate through 360° varied from 200-800 min, whereas some arrays

1Department of Cell and Developmental Biology, John Innes Centre, Norwich NR4 7UH, UK
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Figure 1 Arabidopsis hypocotyl epidermal cells expressing AtEB1a-GFP
display rotary microtubule reorientations. This four-dimensional (x, y, z and

t: time) projection, taken over a 6 min period, summarizes the durations

and directions of the rotary movements observed in the cells shown in the
Supplementary Information, Movie 1 (covering a 500-min period of growth).
Microtubule arrays rotate in clockwise or counter-clockwise directions and
adjacent cells can rotate in opposite directions and the direction can reverse.
CW and CCW refer to the number of clockwise or counter-clockwise rotations
observed in a cell over the 8 h period, respectively. Numbers in brackets refer
to the time taken for each rotation (min). The lower figures refer to the area in
prm? gained in 500 min and the percentage refers to the cell's relative growth
over the same period (for example, 51; 9%). The scale bar represents 20 pm.

never underwent a complete cycle. Reorientation could be clockwise
and counter-clockwise in adjacent cells, even changing direction within
a cell (Fig. 1 and see Supplementary Information, Movies 2 and 3).
Our analysis (see Supplementary Information, Fig. S1) confirmed that
reorientation occurs in light-grown cells that are still elongating (average
0.88 +0.36 pm h, 30 cells from 3 plants). When cells stopped elongat-
ing, microtubules came torest in steeply pitched oblique and/or longi-
tudinal patterns (see Supplementary Information, Movie 6), showing
that rotation only occurred during growth. Plus-end growth rates were
similar for both growing and non-growing states (see below).

Reorientation was insensitive to the anti-actin drug, latrunculin B,
despite the inhibition of cytoplasmic streaming (see Supplementary
Information, Movie 7). Also, the inhibitor of cellulose biosynthesis,
2,6-dichlobenzonitrile, did not stop reorientation despite the cells
becoming swollen, suggesting that neither the deposition of cellulose
nor the biophysical restraints maintaining cell shape affect the reorienta-
tion of the microtubule array (see Supplementary Information, Movie 8).
In contrast, reorientation was arrested by the microtubule-stabilizing
drug, taxol (see Supplementary Information, Movie 9), consistent with
hybrid treadmilling® providing the motive force. Taxol also deformed
cell shape after several days of incubation, suggesting that microtubule
dynamics are required to maintain cell polarity.

Longer-term time-lapse movies revealed groups of microtubules
displaying higher-order behaviours that may account for the rotary
movement. Microtubules grow along common trajectories or tracks
that often display strong polarity?>242* (see Supplementary Information,
Fig. S1), with a succession of plus-end comets running in a single direc-
tion. Electron microscopic studies showed cortical microtubules form-
ing small groups (bundles) of stabilized, parallel microtubules?, but
movies show bundles as dynamic, self-replenishing tracksin which polar-
ized microtubules grow alongside one another in a telescopic manner.
This suggests bundles or tracks are the basic unit of array behaviour. To
quantify the polarity of tracks during microtubule reorientation, individ-
ual frames of successive time-lapse movies were analysed (four cells, each
undergoing 360° reorientations, totaling over seventy 6-min movies; see
Supplementary Information, Fig. $2). Thisshowed that tracks themselves
migrate, more slowly (see below) than the individual AtEB1a-GFP comets
moving along them, butin the same plus end direction (Fig. 2). Moreover,
groups of tracks can be identified in which microtubules predominantly
move over the cell surface in the same direction — we named these
groups ‘polarized domains’ (see Supplementary Information, Fig. 52).
Polarized domains are constantly evolving structures as movement of
domains through each other, in opposite directions, generates areas of
mixed polarity. Fig. 2B showsa mosaic of several such domains migrating
in different directions. Importantly, although individual microtubules
growin straight lines, over the longer period the tracks themselves move
in curved paths, as illustrated by the progressive rotation of the arrows
marked in the green and yellow sectors in Fig. 2B. Hence, although the
array mayseem torotate like the hands of a clock around a fixed point, the
reorientation is actually the sum of the curved migratory paths of several
domains at different parts of the cell surface. In Fig. 2, this curved migra-
tion of tracks is progressive, giving the appearance of a smooth, overall
rotation. However, such progressive rotation can be broken by ‘jumps™ or
discontinuities in the migratory path (for example, from longitudinal to
nettransversearrays or from left-handed to right-handed oblique arrays).
Jumps had been deduced from aldehyde-fixed sunflower cells* and our
movies show they are introduced by the appearance onto the cell surface
of discordant domains of differently-angled tracks. Fig. 2A and B, i-],
illustrate a discordant domain whose tracks move transversely from the
right-hand edge of the cell, displacing the existing domain without going
through an intermediate oblique stage.

Key features of discontinuous rearrangements are summarized in
Fig. 2: first, discordant domains invariably advance in the direction of
their plus end comets; second, where one domain collides with the flank
of another domain, a curved collision site is formed (indicated by arrow)
that moves ahead of the incoming domain; third, instead of disappearing
from the collision site, the incoming domain slowly advances into the
adjacent domain, without changing orientation. One model's * for
microtubule encounters suggests that 60% of individual microtubules
depolymerize when they collide with another at a steep angle. However,
our observations on the longer-term outcome of interactions between
tracks indicate that incoming discordant domains tend not to be lost,
but succeed in migrating into the adjacent area. Calculations show
that curved collision fronts move more slowly (0.3 pm min-; s.d. +0.08;
# = 10) than individual microtubule plus ends, whose movement remains
fairly constant during reorientation (transverse=5.64 pm min™,
s.d. £0.88, n = 42; left-handed oblique = 5.62 pm min™, s.d. + 1.09,
n = 42; right-handed oblique =553 pm min™, s.d. £0.90, n =42;
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Flgure 2 Microtubules moving as a mosaic of polarized domains

(A) AtEB1 a-GFP time-projections (each covering 6 min, taken at 20-min
intervals) follows microtubule reorientation within a single cell over a 4-h
period and shows that microtubules follow persistent tracks that themselves
migrate. (B) Quantification of the polarity of AtEB1a-GFP comets during
reorientation shows the presence of domains consisting of tracks inwhich
83-100% of microtubules grow, and tracks migrate, in a common direction.
(C) The colour-coding shows that domains move in skewed paths generating
shifts in array patterning and polarity. In this example, domains are displaced
in a clockwise direction (for example, green domain). Panels I-l show that

longitudinal = 6.30 pm min-% s.d. £ 0.86, n = 42). The slower movement
of the collision front is more similar to the rate of minus-end depolym-
erization®* than of plus end growth, suggesting that the net movement
of the array may be limited by microtubule depolymerization from the
treadmilling minus end, perhaps required for generating space into
which other microtubules migrate. Comigration of nucleation sites with
the tracks* would explain the successive flow of microtubules along a
track (that is, their self-sustaining nature) and the persistence of collision
fronts. The curvature of these collision fronts indicates that the incom-
ing domain is likely to be exerting a pushing force.

Byaligning sequential frames in a kymograph it is possible to recon-
structa panoramic view of the cortical array as it migrates over the outer
surface (Fig. 3) and show that their component domains are greater than
the width of the cell. This indicates that domains are likely to move
around the entire cell. In support of this, in tilted cells, we have observed
comets moving around the radial walls and have also observed reorienta-
tions on the inner epidermal wall (data not shown), demonstrating that
movement occurs on all faces of the cell.

The paths in which tracks migrate are intriguing. Fig. 3B shows
one polarized domain of tracks (red arrows) moving from right-to-
left, while another domain (yellow arrows) moves from left-to-right.

9%
994

LETTERS

reorientation can occur in a discontinuous manner, with a 'discordant' domain
of transversely-moving microtubules (blue) colliding with and displacing the
yellow domain moving vertically down the page. Arrows in B and C indicate
the direction of plus end growth (AtEB1a-GFP comets) along tracks. The
numbers in B indicate the numbers of microtubules moving in the assigned
direction versus the total number observed. Mixed indicates area with no
overall polarity in which number represents the total number of microtubules
observed. Polarity was scored from kymographs (see Supplementary
Information, Fig. $2). The arrowhead in A marks a collision front. Frames
were taken at 20-min intervals. The scale bar represents 19 um.

Depending on the direction of movement, individual microtubules grow
either into (red arrows, Fig. 3C) or away from (yellow arrows, Fig. 3D)
adjacent tracks. Bipolar tracks arise when microtubules join tracks of
opposite polarity, but when tracks of common polarity join (see Fig. 3C),
the persistence of branch-points shows that tracks do not inevitably
merge to form giant bundles — as might be expected if crossbridging
were the only outcome of microtubule-microtubule interaction.

In summary, the array can be visualized as a global system of inter-
connected tracks. Within the tracks the microtubules are growing fast,
although the tracks themselves are moving slowly around the cell.
Different regions can move together as polarized domains, or through
each other, or can collide to cause fronts that slowly resolve.

In long-term reconstructions (for example, 8 h) these migratory
movements can be observed to generate various undulatory patterns
passing over the outer epidermal wall (Fig. 4). The speed at which the
array moves (0.3 pm min=) is similar to that of the rate of movement
reported for cellulose synthase (0.33 pm min-)% As microtubules can
guide the movement of cellulose synthases?, rotation of the microtubular
template could account for a spectrum of cell wall patterns, including
consecutive wall layers with different orientations as reported for slow-
growing Arabidopsis hypocotyls.
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Figure 3 Reconstruction of polarized domains. (&, B) Time-projections of
AtEB1a-GFP comets (each covering 6 min, taken at 20-min intervals) over
a2 h period (A) can be joined according to their track polarities (see red,
vellow and white arrows, B). Tracks (red arrows) are moving from right-to-left
across the surface; yellow tracks move in the opposite direction; white
arrows mark tracks moving independently of the red and yellow domains.

(C, D) Polarized domains are wider than the outer cell face (C, red domain;

METHODS

Plant material and drug treatments. Arabidopsis thaliana plants expressing 358:
AtEB1a-GFP and 355:GFP-TUAG have previously been described®®. Drugs were
added to 2-day-old seedlings. Taxol (Sigma-Aldrich, Poole, UK), Latrunculin B
(Sigma) and 2,6-dichlorobenzonitrile (DCB, Maybridge, UK) were used at con-
centrations of 4 p, 200 nM and 2 pM, respectively.

Time-lapse microscopy. Cold-treated seeds were placed on filter paper soaked
with sterile water. A chamber was constructed from a hollow square of double-
sided adhesive tape stuck to a large coverslip. Seed and paper were then inserted
into the chamber and covered with a gas-permeable membrane (bioFOLIE;
VivaScience, Gottingen, Germany). The chamber was then placed over a 1-cm
hole drilled into a plastic slide and the edges of the sandwich sealed with tape.

o (a3 o O o o o S o O
; S g f P M O 9
FEFFFSITSS ST & g

D, yellow domain; arrows denote direction of AtEB1a-GFP comet movement
along tracks). Alignment also reveals that the cortical array is a system

of interconnected tracks along which microtubules circulate. Circle in C
highlights microtubules that grow into adjacent tracks; circle in D shows
microtubules branching away from tracks. The scale bars represent

28 pm for A and B and 16 pm for C and D. Frames were taken at

20-min intervals.

Chambers were placed vertically inthe growth room for 2 days thenimaged using
aVisiTech spinning disc confocal microscope fitted with a 40x/1.3NA oil objec-
tive lens. Alternatively, slides were imaged on a Bio-Rad 1024 confocal laser scan-
ning microscope in a vertical position on a purpose-built horizontal z-axis
microscope as previously described®. GFP was excited using the 488-nm line of
an argon ion laser and emitted light filtered through a 500-550-nm band-pass
filter. Fluorescence was detected using a Hamamatsu Orca ER cooled CCD cam-
era with 1-4x binning, set at 0.7-1.0 s exposure time. Four-dimensional time-
lapse was collected and projected (max) using the MetaMor ph Imaging System.
A z-stack of images (with 1-2 pm z-step intervals) was acquired every 20 s for
6 min and then repeated every 20 min. Long-term movies of growing hypocotyls
were projected using nd-Stack Builder (E Cordeliéres, Institut Curie, Orsay,

Time (h:min)

Figure 4 The long-term migratory pattern of AtEB1a-GFP comets over the outer
cell surface. Time projections (each covering 6 min) taken at 20-min intervals
were placed in a montage, plotting the movement of microtubule tracks for

more than 8 h. Over the first 3 h, tracks are variably oriented, but subsequently
resolve into a more homogeneous, undulating pattern due to alternate
counter-clockwise and clockwise rotations. The scale bar represents 19 um.
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France; http://rsb.info.nih.gov/ij/plugins/track/builder.html) and aligned using
Stackreg (P. Thévenaz, Swiss Federal I of Technology, 1
Switzerland; http://bigwww.epfl.ch/thevenaz/stackreg/) plug-ins of Image]
(http://reb.info.nih gov/ij/). Movies were edited using the brightness/contrast tool
of imageJ and the time-stamper plug-in (W. Rasband, NTH, MD; http://rsb.info.
mh govl ulplugmsls'amper html). Microtubule growth rates and the polarity of

were lated from | iphs constructed using the re-slice tool.
Cell area was calculated using CeIIFmder“

Note: Suppl ry Inf is

iable on the Nature Cell Biology website.
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Elongation (microns)

Supplementary Graph 1. Growth kinetics of hypocotyl cells The graph shows

that hypocotyl cells display slow elongation (e.g. brown circles/ pink squares)

during microscopic observation. Several cells, however, cease to elongate
during imaging (e.g. blue dashed lines). In these cases, microtubules

adopted steeply pitched oblique/longitudinal patterns (also see suppl. movie

6) underlining the relationship between microtubule rotation and growth. 9

380
time(s)
0

Supplementary Figure 1. Cortical microtubules grow along tracks.

The movement of EB1-GFP comets along a single line of a time-lapse movie
(i.e. the width of a pixel: e.g. 0.326pm [camera bin2, x40 magnification])

is displayed as a kymograph. The kymograph sequentially (frame-by-frame)
stacks the information along that line and projects the images one on top

of the other to make a montage of distance (length of the line) versus time
(depending on the number of frames). Comets moving along the axis of

1200

600
Time (min)

hypocotyl cells from 3 different plants are shown. Plants were imaged 2-
days after incubation in the growth room. Cell length was measured between
the midpoints of end walls using the line tool of ImageJ. Small oscillations
in length are due to small changes in the plane of viewing or changes in the
fluorescent intensity of the end walls.

length (microns) 55

the line produce linear traces, the gradient of the traces describe the rate of
movement and their orientation describes the direction of movemnent. The
kymograph was projected from a line traversing the longitudinal axis of the
cell highlighted [**]in movie 1 and records EB1 comets over a 6 min period.
This kymograph encompasses two different growth paths (or tracks) with
comets moving towards opposite ends of the cell.
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domain 1
4 5 6 7 8 9 10 11 12 13 14/ 15 16 17 18
0 N T \Sa TR

/ T \ domain 2 B

400 s plus-end trace

Supplementary Figure 2. Tracks form polarised domalns. Microtubule parallel to the growth trajectories of the microtubules) over 400 sec.
moverments within entire regions of a cell were monitored by sequentially Here, the cortical array can be seen to be composed of two domains of
recording kymographs (line-by-line) through the selected region. This polarised tracks in which traces share common orientations: microtubules
generates a movie of kymographs which can be projected in blocks of 5-10 overwhelmingly (92%) grow towards the top of the cell in domain 1 or

slices (1.63-3.26 um) and aligned to form a montage. Panel B shows a towards the bottom of the cell in domain 2 (88%). The orientations of
montage of 18 kymographs which corresponds to the area depicted by the the traces were scored from such montages to quantify the polarity of the
rectangular box in panel A (a single frame from a time-lapse experiment). domains shown in Figure 2.A, b, ¢, d mark corresponding sides of the cell; D
Each kymograph covers a width of 1.63 pm and projects the movement =distance, T =time; bar = 14 um in panel A and 13 pm in panel B.

of EB1-GFP comets travelling along the longitudinal axis of the cell (i.e.

Supplementary movle 1. Dynamic beh of tubule ends labelled by AtEB1-GFP In Arabldopsis hypocotyl cells.

This time-lapse movie collected over 6 minutes shows AtEB1a-GFP forms comet-like streaks at the growing ends of microtubules. EB1 comets move along
polarised tracks (bundles). Tracks often form domains with common polarity (see arrows). Within longitudinal arrays (see *) polarised tracks extend towards
the cell ends. Frames were taken at 20 sec intervals. Bar =20 ym

Supplementary movle 2 and 3. Long-term behaviour of microtubules labelled by AtEB1-GFP In elongating hypocotyl cells.

Successive 6-min time-lapse movies of Arabidopsis hypocotyls expressing AtEB1 a-GFP were projected and compiled into movies to see the long-term
behaviour of microtubules in elongating cells. This reveals that microtubules (tracks) of epidermal cells undergo dramatic reorientations — sometimes
appearing to rotate 3607 (*). Neighbouring cells display variable patterns of microtubule re-orientation. Each frame is derived from a time projection of EB1
comets collected over a 6 min period; frames were taken at 20 min intervals. Bar = 20 pm.

I tary movie 4. Bet of labelled by GFP-tubulin In elongating hypocotyl cells.
Thi |s tlme -lapse movie confirms that rotary-like reorientations also occur in Arabidopsis hypocotyl cells expressing GFP-tubulin (see *). In addition to
microtubules, the streaming of fluorescently-labelled cytoplasm can be seen in these GFP-tubulin plants (for comparison, in movie 9, streaming can be
observed in the absence of microtubule reorientation). Each frame is derived from a z-series projection; frames were taken at 15 min intervals. Bar =20 um.

Supplementary movle 5. Vertical Imaging of elongating hypocotyl cells expressing GFP-tubulin.
This time-series shows that rotary-like microtubule reorientations are also characteristic of hypocotyl cells imaged vertically on a horizontal z-axis microscope.
The hypocotyl cells are expressing GFP-tubulin; each frame is derived from a z-series projection; frames were taken at 15 min intervals. Bar = 20 pm

I tary movie 6. Bel of In non-el g hypocotyls cells expressing AtEB1-GFP.
Mlcrotubules rest in oblique to longitudinal arrays when cells cease to elongate. The asterisk marks the same cell highlighted in suppl. movie 2, except
filmed 24 hours later as growth is ceasing. Each frame is derived from a time projection of EBL comets collected over a 6 min period; frames were taken at
20 min intervals. Bar =20 um.

PF ¥ movle 7. R tatlon Is Insensitive to latrunculin B.
This time-lapse movie shows that microtubule reorientation is insensitive to the actin-depolymerising drug, latrunculin B. Accumnulations of cytoplasm gather
at the cell ends in the absence of streaming. The hypocotyl cells are expressing GFP-tubulin; each frame is derived from a z-series projection; frames were
taken at 15 min intervals.  Bar=20pm.

I tary movie 8. R tation Is Insensitive to DCB.
Th |s time-| Iapse movie shows that microtubule reorientation is also insensitive to the drug DCB, an inhibitor of cellulose synthesis. Cells swell and eventually
grow out of the focal plane of the microscope. The hypocotyl cells are expressing GFP-tubulin; each frame is derived from a z-series projection; frames were
taken at 15 min intervals. Bar =20 pm.

tary movie 9. R Is sensitive to taxol.

Th |s time-lapse movie shows that microtubule re-orientation ceases in the presence of taxol, a drug that stabilises microtubules. Cytoplasmic streaming,
however, continues. The hypocotyls cells are expressing GFP-tubulin; each frame is derived from a z-series projection: frames were taken at 15 min intervals
Bar = 20 pm.

2 WWW.NATURE.COM/NATURECELLBIOLOGY

© 2007 Nature Publishing Group

242



SUPPLEMENTARY INFORMATION

REFERENCES

I iddings, T. H. & Staehelin, A. Microtubul diated control of microfibril deposition: A re-examination of the hypothesis (ed. Lloyd, C. W.)
(Academic Press Ltd, London, 1991).

2 Paredez, A. R., Somerville, C. R. & Ehrhardt, D. W. Visualization of Cellulose Synthase D trates F ional A iation with Micr |
Science 312, 1491-1495 (2006).

3 Iwata, T. & Hogetsu, T. The effect of light irradiation on the ori ion of microtubules in seedlings of Avena sativa L. Plant Cell Physiol. 30,

1011-1016 (1989).

4. Nick, P., Bergfeld, R., Schafer, E. & Schopfer, P. Unilateral reorientation of microtubules at the outer epid | wall during photo- and gravitropic
curvature of maize coleoptiles and sunflower hypocotyls. Planta 181, 162-168 (1990).

5. Laskowski, M. Microtubule orientation in pea stem cells: a change in orientation follows the initiation of growth rate decline. Planta 181, 44-52
(1290).

6. Ishida, K. & Katsumi, M. Immunofluorescence microscopical observation of cortical microtubule arrangement as affected by gibberellin ds mutant
of Zea mays L. Plant Cell Physiol. 32, 409-417 (1991).

78 Ishida, K. & Katsumi, M. Effects of gibberelin and abscisic acid on the cortical microtubule orientation in hypocotyls of light-grown cucumber
seedlings. Int. J. Plant Sci. 153, 155-163 (1992).

8. Zandomeni, K. & Schopfer, P. Reorientation of microtubules at the outer epidermal wall of maize coleoptiles by phytochrome, by blue-light
photoreceptor and auxin. Protoplasma 173, 103-112 (1993).

9. Yuan, M., Shaw, P. J., Warn, R. M. & Lloyd, C. W. Dynamic reorientation of cortical microtubules, from transverse to longitudinal, in living plant
cells. Proc Nati Acad Sci US A91, 6050-3 (1994).

10. Lloyd, C. W., Shaw, P. J., Warn, R. M. & Yuan, M. Gibberellic acid-induced reorientation of cortical microtubules in living plant cells. Journal of
Microscopy 181, 140-144 (1996).

11. Ueda, K. & Matsuyama, T. Rearrangement of cortical microtubules from transverse to oblique or longitudinal in living cells of transgenic
Arabidopsis thaliana. Protof 213, 28-38 (2000).

12; Mayumi, K. & Shibaoka, H. The cyclic reorientation of cortical microtubules on walls with a crossed polylamellate structure: effects of plant
hormones and an inhibitor of protein kinases on the progression of the cycle. Protoplasma 195, 112-122 (1996).

13. Takesue, K. & Shibaoka, H. The cyclic reorientation of cortical microtubules in epidermal cells of azuki bean epicotyls: the role of actin filaments
|n the progressmn of the cycle. Planta 205, 539-46 (1998).

14. Z.A t in the orientation of cortical microtubules underlying the helicoidal cell wall of the sunflower hypocotyl
epldermlsA spatial variation translated into temporal changes. Protoplasma 225, 243-56 (2005)

15. Yuan, M., Warn, R. M., Shaw, P. J. & Lloyd, C. W. Dynamic microtubules under the radial and outer t: tial walls of microinjected pea epid |
cells observed by computer reconstruction. Piant J., 7(1), 17-23 (1995).

16. Dixit, R. & Cyr, R. Encounters between dynamic cortical microtubules promote ordering of the cortical array through angle-dependent
modifications of microtubule behavior. Plant Cell 16, 3274-84 (2004).

17. Sugimoto, K., Will R.E. & Wast , G.0. New techniq enable parati lysis of microtubule orientation, wall texture, and
growth rate in intact roots of Arabidopsis. Plant Physiol. 124, 1493-1506 (2000).

18. Buschmann, H., Fabri, C.0., Hauptmann, M., Hutzler, P., Laux, T., Lloyd, C.W. & Schaffner, A.R. Helical growth of the Arabidopsis mutant
tortifolial reveals a plant-specific microtubule-associated protein. Current Biol. 14, 1515-1521 (2004).

19. Le, J., Vandenbussche, F., De Cnodder, T., Van Der Straeten, D. & Verbelen, J-P. Cell elongation and microtubule behavior in the Arabidopsis
hypocotyl responses to ethylene and auxm J. Plant Growth Regul. 24, 166-178 (2005).

20. kaji K., K a, T. & Hashi . Role of the SPIRAL 1 gene family in anisotropic growth of Arabidopsis thaliana. Plant Cell Physiol. 47,
513 522 (2006).

2% Hush, J. M., Wadsworth, P, Callaham, D. A. & Hepler, P. K. Quantification of microtubule dynamics in living plant cells using fluorescence
redistribution after photobleaching. J Cell Sci 107, 775-84 (1994).

22. Shaw, S. L., Kamyar, R. & Ehrhardt, D. W. Sustained microtubule treadmilling in Arabidopsis cortical arrays. Science 300, 1715-8 (2003).

23. Chan, J., Calder, G., Fox, S. & Lloyd, C. Localization of the end-bidning protein EB1 reveals alternative pathways of spindle development in
Arabidopsis suspension cells. Plant Cell 17, 1737-1748 (2005).

24. Chan, J., Calder, G. M., Doonan, J. H. & Lloyd, C. W. EB1 reveals mobile microtubule nucleation sites in Arabidopsis. Nat Cell Bioi 5, 967-71
(2003).

25. Dhonukshe P, Mathur J., Hulskamp, M. & Gadella, T W., Jr. M;crotubule pl ds reveal tial links bety intracellular polarization and

of is during divisi tablish it in plant cells. BMC Biol 3, 11 (2005).

26. Dixit, R., Chang, E. & Cyr, R. Establishment of Polanty during O ization of the Acenti | Plant Cortical Microtubule Array. Mol Biol Cell 17,
1298-305 (2006).

27 Gendreau, E., Traas, J., Desnos, T., Grandjean, O., Caboche, M. & Hofte, H. Cellular basis of hypocotyl growth in Arabidopsis thali Plant
Physiol. 114, 295-305 (1997).

28. Refrégier, G., Pelletire, S., Jaillard, D. & Héfte, H. Interaction between Wall Deposition and Cell Elongation in Dark-Grown Hypocotyl Cells in
Arabidopsis. Plant physiol.135, 1-10 (2004).

29. Ueda, K., T. & Hashimoto, T. Vi: ization of microtubules in living cells of tr: ic Arabidopsis thaliana. P P 206, 201-
206 (1999).

30. Penfold, R., Watson, A.D., Mackie, A.R. & Hibberd, D.J. Quantitative imaging of aggregated emulsions. Langmuir 22, 2005-2015 (2006).

31 Costa, M.M., Fox, S., Hanna, A.l., Baxter, C. & Coen, E. Evolution of regulatory interactions controlling floral asymmetry. Development 132, 5093-
101 (2005).

WWW.NATURE.COM/NATURECELLBIOLOGY 3

© 2007 Nature Publishing Group

243



-
=1
o
=
=]
ou

©
>
D

~
=]

Research article

5093

Evolution of regulatory interactions controlling floral asymmetry

Maria Manuela R. Costa, Samantha Fox, Andy . Hanna, Catherine Baxter and Enrico Coen*

Department of Cell and Developmental Biology, John Innes Centre, Norwich NR4 7UH, UK

*Author for cor

P (e-mail: enrico ac.uk)

Accepted 9 September 2005

Development 132, 5093-5101
Published by The Company of Biologists 2005
doi:10.1242/dev 02085

Summary

A key challenge in evolutionary biology is to understand
how new morphologies can arise through changes in gene
regulatory networks. For example, floral asy try is
thought to have evolved many times independently from a
radially symmetrical ancestral condition, yet the molecular
changes underlying this innovation are unknown. Here, we
address this problem by investigating the action of a key
regulator of floral asymmetry, CYCLOIDEA (CYC), in
species with asymmetric and symmetric flowers. We show
that CYC encodes a DNA-binding protein that recognises
sites in a downstream target gene RADIALIS (RAD) in
Antirrhinum. The interaction between CYC and RAD can
be r in Arabidop which has radially
symmetrical flowers. Overexpression of CYC in
Arabidopsis modifies petal and leaf development, through

Hiuied

changes in cell proliferation and expansion at various
stages of development. This indicates that developmental
target processes are influenced by CYC in Arabidopsis,
similar to the situation in Antirrhinum. However,
endogenous RAD-like genes are not activated by CYC in
Arabidopsis, suggesting that co-option of RAD may have
occurred specifically in the Anfirrhinum lineage. Taken
together, our results indicate that floral asymmetry may
have arisen through evolutionary tinkering with the
strengths and pattern of connections at several points in a
gene regulatory network.

Key words: Cycloidea, Radialis, Dorsoventral, Gene networks,
Atavism, Arabidopsis, Antirrhinum

Introduction

One approach to studying the evolution of novel traits is to
analyse mutants that eliminate the trait. Such mutants have
been termed atavistic as they give phenotypes resembling the
presumed ancestral condition (Cantu and Ruiz, 1985; Hall,
1995). The genes identified by atavistic mutations can provide
a convenient starting point for analysing how changes in gene
interactions can lead to phenotypic novelty (Babu et al., 2004;
Gibson and Honeycutt, 2002; Tautz, 2000). By comparing the
network of interactions in species with and without the relevant
trait, it should be possible to pinpoint some of the key steps
underlying evolutionary change. Here, we adopt this approach
for the case of dorsoventral asymmetry in flowers, a trait that
is thought to have arisen many times independently during
evolution (Donoghue et al., 1998; Endress, 1999; Stebbins,
1974) and for which key regulatory genes giving atavistic
mutant phenotypes have been identified.

Several genes controlling floral asymmetry have been
identified in Anfirrhinum majus. Anfirrhinum flowers are
asymmetric along their dorsoventral axis, having distinct
dorsal, lateral and ventral organ types. Asymmetry is most
evident in the petal and stamen whorls and depends on the
action of the duplicate genes CYCLOIDEA (CYC) and
DICHOTOMA (DICH). CYC and DICH are both expressed in
the dorsal domain of the flower meristem and continue to be
expressed at later stages in dorsal floral organs, although
expression of CYC occurs in a wider region than that of DICH
(Almeida et al., 1997; Luo et al., 1999; Luo et al., 1996). cyc
dich double mutants have radially symmetric ventralised

flowers, while single cyc or dich mutants have partially
ventralised flowers, consistent with sub-functionalisation of
paralogs following the CYC-DICH duplication (Gubitz et al.,
2003; Hileman and Baum, 2003). Developmental analysis of
single and double mutants has shown that CYC and DICH can
enhance or repress organ growth, depending on developmental
stage and organ type, with CYC having a stronger phenotypic
effect than DICH (Almeida et al., 1997, Luo et al., 1999; Luo
et al., 1996).

CYC and DICH encode transcription factors belonging to the
TCP family, many members of which influence patterns of
plant cell growth and proliferation (Almeida et al., 1997;
Crawford et al., 2004; Kosugi and Ohashi, 1997; Kosugi and
Ohashi, 2002; Kosugi et al., 1995; Luo et al., 1999; Luo et al,,
1996; Nath et al., 2003; Palatnik et al., 2003; Tremousaygue et
al., 2003). Members of this family can be grouped into two
classes, I and II, based on sequence similarity in the TCP
domain and the consensus DNA-binding sequence. A good
candidate for a direct target of CYC and DICH is RADIALIS
(RAD). RAD is expressed in the dorsal domain of floral
meristems, in a manner that depends on CYC and DICH. Plants
mutant for RAD have almost fully ventralised flowers, retaining
only slight dorsal identity in their uppermost regions,
suggesting that many of the effects of CYC and DICH are
mediated through RAD. RAD acts antagonistically to
DIVARICATA (DIV), which promotes ventral identity
(Almeida et al., 1997; Corley et al., 2005; Galego and Almeida,
2002). RAD and DIV encode related MYB-like proteins that
are thought to compete for common protein or DNA targets.
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Unlike Antirrhinum, Arabidopsis has radially symmetrical
flowers. The TCPI gene of Arabidopsis is the closest
homologue to CYC/DICH and is expressed asymmetrically in
the dorsal domain of young flower meristems and axillary
meristems (Cubas et al., 2001). This indicates that the common
ancestor of Antirrhinum and Arabidopsis had a CYCI/TCPI-
related gene that was asymmetrically expressed even though
the flowers were presumably radially symmetric. In contrast to
CYC and DICH, TCP1 is only transiently expressed at very
early stages of flower development.

To understand the evolution of asymmetry, we analysed how
CYC acts in Antirrhinum and Arabidopsis. We show that CYC
binds to DNA, and use random binding site selection to define
the consensus binding site. Sequences matching this site are
found in the RAD promoter and intron, and are bound by CYC,
indicating that RAD may be a direct target of CYC. CYC is
also able to activate the RAD gene of Anfirrhinum in the
context of Arabidopsis but is unable to activate endogenous
RAD-like genes of Arabidopsis, which lack sequences
identical to the consensus binding site. CYC is nevertheless
able to act in Arabidopsis, reducing leaf and increasing petal
size, through changes in cell proliferation and expansion. By
activating CYC protein at specific times, we show that CYC
can act at various stages of Arabidopsis organ growth. Taken
together, our results suggest that ancestral TCP1/CYC-like
genes played a role in regulating a network of target genes
involved in growth and development. Some of these
interactions could have been retained in both Anfirrhinum and
Arabidopsis, accounting for the common developmental effects
of CYC expression in both species. In addition, an interaction
between CYC and RAD was established or preserved
specifically in the Anfirrhinum lineage.

Materials and methods
Plant material and growth conditions

Arabidopsis seeds were sterilised and grown on growth media [GM;
1 Murashige and Skoog salt mixture, 1% (w/v) sucrose, 100 pg/ml
inositol, 1 p.g/ml thiamine, 0.5 pg/ml pyridoxin, 0.5 pg/ml nicotinic
acid, 0.5 mg/ml MES, 0.8% (w/v) agar, pH 5.7] with or without 50
1M kanamycin (Kan). The media was supplemented with 10 pM
dexamethasone (DEX; stock solution 25 mM in ethanol) or ethanol
0.04% (v/v) as a control. Plants were grown on a mix of John [nnes
Potting Compost No 1, vermiculite and grit in the ratio 1.5:1:1 (by
volume) at 20°C with 16 hour light/8 hour dark cycles. All
Arabidopsis transgenic lines (35S::CYC:GR, RAD::RAD) were in the
Columbia background, which was also used as the wild-type control.

Production of recombinant CYC protein and electrophretic
mobility shift assays (EMSAs)

The pRSET-b vector (Invitrogen) was used for production of
recombinant CYC protein in E. coli (plasmid pJAM2093).
BL21(DE3) SBET pLysE (Schenk et al., 1995; Studier and Moffatt,
1986) E. coli cells were transformed with the construct and the
recombinant His-CYC fusion protein was expressed under the control
of the T7 promoter and purified from the soluble fraction or from
inclusion bodies produced in bacteria, as described previously
(Kosugi and Ohashi, 1997; Kosungi and Ohashi, 2002). The conditions
for the DNA-binding reaction and electrophoresis, and the DNA
probes used were as described (Kosugi and Ohashi, 2002). For the
EMSA with the RAD promoter and intron, the DNA probes were
obtained by PCR using the primer combinations 5733/5734 and
5735/5736 with the plasmid pJAM2283, respectively (5733, 5'-
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ACCGTAGAACATTATAGACAACA-3"; 5734, 5'-CACCAACAA-
AACCTTCCACATAG-3"; 5735, 5'-GCTATAACGTCGATGTGT-
CTC-3"; 5736, 5'-ATTCTAAAAACCACGAGAGTCC-3"). For the
EMSA with the RAD promoter and intron, the primer combinations
5733-5734 and 5735-5736 were used, respectively.

Random binding site selection

Random binding site selection for the His-CYC protein was
performed using the oligonucleotide BS18N, as described previously
(Kosugi and Ohashi, 1997; Kosugi and Ohashi, 2002). The DNA-
protein complex was separated by polyacrylamide gel electrophoresis
and the DNA recovered from the gel was amplified by PCR. After the
fifth round of selection, the DNA amplified by PCR was cloned into
PGEMT-easy vector (Promega) for sequencing.

Plasmid construction

The binary plasmid coding for the CYC protein fused to the rat
glucocorticoid receptor (GR) (Lloyd et al., 1994) under the control of
caulifiower mosaic virus (CaMV) 35S promoter was obtained as
follows. The CYC open reading frame was amplified by PCR using
the primers 5'-CYC (5'-CGGGATCCATGGTTGGGAAG-3") and 3'-
CYC (5'-GAAGATCTTTGATGAACTTGTGCT-3") from plasmid
pJAM2095. The forward primer introduced a Kozac sequence and a
BamHI site before the start codon and the reverse primer removed the
CYC stop codon and created a BglII restriction site at the C terminus.
This PCR fragment was digested with BamHI and Bg/Il and cloned
into the BamHIl restriction site of the plasmid GR-pBluescript
(pRS020) (Sablowski and Meyerowitz, 1998) resulting in an in-frame
translational fusion at the C terminus of CYC with the rat
glucocorticoid hormone-binding domain (pJAM2387). The CYC
¢DNA was sequenced to check for PCR errors and to check if the
protein was in frame with the GR sequence. This fusion was called
CYC:GR. The double CaMV 35S promoter and 35S polyadenylation
signal from CaMV were isolated as a 1.56 kb Kpnl/EcoRV fragment
from pJIT60 (Guerineau, 1993) and cloned into a Sacl filled in/Kpnl
sites in pGreenIl 0029 (plasmid pJAM2388). A 1.7 kb Xbal/BamHI
fragment containing the CYC:GR fusion was isolated from plasmid
pJAM2387 and the ends filled in. This fragment was cloned into the
Smal dephosphorylated site of plasmid pJAM2388, adjacent to the
double 35S promoter and the orientation was checked by restriction
mapping. This construct was called 35S:CYC:GR (plasmid
PJAM2389).

Transformation of Arabidopsis

Arabidopsis plants were transformed with the 35S:CYC:GR
construct by floral dipping (Clough and Bent, 1998). The
Agrobacterium strain used was C58C1 pGV101 pMP90. Kan-resistant
transformants (T1 generation) were selected on GM plates.
Approximately, two thirds of T2 plants (segregating 3:1 on Kan)
showed a phenotype when also germinated on DEX. T3 progeny of
plants that showed a phenotype on DEX-containing media were
hemizygous, whereas the progeny of plants that did not show a
phenotype were homozygous. 35S8:CYC:GR homozygous plants
were crossed to other homozygous independent lines and to wild type.
Double hemizygous plants never showed a phenotype when grown in
DEX-containing media, whereas the hemizygous lines obtained from
the cross with wild type showed the phenotype.

Analysis of expression by northern blot and by RT-PCR
For Northern-blot analysis, total RNA was extracted with TRI-
Reagent (Sigma), according to the manufacturer’s instructions, from
358:CYC:GR T2 seedlings grown on Kan and DEX, with and
without a phenotype. The RNA was blotted onto Hybond N+
(Amersham) according to the manufacturer’s instructions and probed
with CYC or NPTII (neomycin phosphotransferase II) probe.

For RT-PCR analysis, RNA was extracted using RNeasy Plant mini
kit (Qiagen), from duplicate samples of tissue from 21-day-old
358:CYC:GR RAD::RAD plants grown on GM media, 6, 18 and 48
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hours after transfer to 10 pM DEX plates. cDNA was prepared from
2 pg of total RNA using Thermoscript RT-PCR system (Invitrogen).
Aliquots of the cDNA were used as template for PCR with gene-
specific primers.

Phenotypic analysis

Scanning electron microscopy (SEM) analysis was carried out on ‘2-
Ton’ epoxy (Devcon) replicas of Arabidopsis petals and leaves as
previously described (Carpenter et al, 1995; Green and Linstead,
1990). These replicas were sputter coated with gold palladium,
analysed and photographed with a Philips XL. 30 FEG SEM. Petal and
leaf areas were calculated using a program written in MatLab called
CellFinder. Medians were obtained by analysis of variance. The
analyses were carried out using the statistical package GenStat for
Windows 7th Edition (VSN International, Oxford, UK).

Results

CYC binds to TCP class | binding-sites

To determine whether CYC would bind to the consensus DNA-
binding sequences for TCP proteins (Kosugi and Ohashi, 1997
Kosugi and Ohashi, 2002), the CYC open reading frame was
fused in-frame with a HIS-Tag epitope and the recombinant
protein purified from E. coli extracts using a metal affinity
resin. The protein was present in both the insoluble and soluble
fractions. Electrophoretic mobility shift assays (EMSA) were

A
1. 2 3 46
1 GTGGTCCCAC
i —
2 GTGITCCCAC
3 GTGGTACCAC
4 CAGGTCCCAC =
5 CAGGTCCCGT
free probe
B
A 1 - -3 - --1n- 1
c 3 - 1131313112317
G 25 313115- - - 4 -
T 2 = e s e B
GGNCCCNC -
Class | GGNCCCAC

Classll GTIC GGNCCC

Fig. 1. CYC protein binds to DNA. (A) Specificity of CYC
recombinant protein binding to class I and class II TCP consensus
binging sites. Oligonucleotide probes contain a shared consensus
binding site for class  GGNCCCAC (red) and class Il GTGGNCCC
(blue) to which CYC protein binds (arrow; lane 1). Bold underlined
nucleotides indicate mutations introduced that affect both class I and
11 binding (lanes 2 and 3) or specifically only class II (lane 4) or class
I (lane 5). (B) Consensus DNA-binding sequence for CYC protein
obtained by a random binding site selection method. After five
rounds of selection, a total of 31 binding sites of CYC were piled up
using MEME (meme.sdsc.edu) and a consensus sequence generated.
Nucleotides that were not occupied by a specific residue are
indicated by N.
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carried out using a 21 bp double-stranded oligonucleotide
probe that contained the overlapping consensus binding sites
for both class I and class II TCP proteins (GTGGTCCCAC)
(Kosugi and Ohashi, 2002). Incubation of the probe with CYC
protein from the soluble fraction showed band retardation (Fig.
1A, lane 1), indicating that CYC protein can bind to these DNA
sequences. Mutations in the core of the oligonucleotide
abolished binding (Fig. 1A, lanes 2 and 3), indicating that these
nucleotides were important for interaction with CYC.
According to the sequence of the TCP domain, CYC belongs
to the class II subfamily of TCP proteins (Kosugi and Ohashi,
2002) and should therefore bind preferentially to a class Il
binding site GTGGNCCC. However, when various mutations
were introduced in the oligonucleotide to test this, the DNA-
binding behaviour of CYC protein was more similar to class I
than class II proteins (Fig. 1A, lanes 4 and 5). In particular,
mutations that disrupt class II binding did not disrupt CYC
binding (Fig. 1A, lane 4). It was only when mutations that
affect class I binding were introduced that CYC binding was
affected, suggesting that despite sequence similarity to class IT
proteins, CYC DNA-binding specificity resembles that of class
I proteins (Fig. 1A, lane 5). To determine the optimal sequence
specificity for the binding of CYC protein, we conducted a
random binding site selection analysis using CYC recombinant
protein. After five rounds of selection, the program MEME
(meme.sdsc.edu) was used to align the sequences of the
selected oligonucleotides and the consensus binding site
GGNCCCNC was obtained (Fig. 1B), confirming that the CYC
binding site is more similar to that of TCP class I than class II
proteins.

In Anfirrhinum, genetic analysis has suggested that RAD
could be a potential target gene of CYC (Corley et al., 2005).
To investigate whether this interaction could be direct, the RAD
promoter and intron were screened for CYC-binding sites. Two
sites matching the CYC consensus were found 1.5 kb upstream
of the start codon of the RAD open reading frame, within 24
bp of each other (Fig. 2A). A third matching site was found in
the intron. PCR fragments containing promoter and intron
putative binding-sites were amplified and used as probes in an
EMSA with recombinant CYC protein (Fig. 2B). CYC was
able to bind to these sequences, supporting the idea that RAD
is a direct target of CYC.

CYC affects growth of Arabidopsis

To investigate whether CYC expression could affect growth in
Arabidopsis, the coding region of CYC was fused to that of the
rat glucocorticoid receptor and expressed under the control of
the 35S promoter (35S::CYC:GR). Sixteen transformants were
obtained, of which 10 had a clear developmental phenotype
when grown on the glucocorticoid inducer dexamethasone
(DEX). Northern-blot analysis on three independent
transformants segregating for the construct showed that the
severity of the phenotype correlated with the level of CYC
mRNA accumulation (Fig. 3). Curiously, only plants
hemizygous for the construct showed strong expression,
indicating that expression was silenced in homozygotes. To
check whether this was a consequence of transgene dosage or
allelic suppression, 35S::CYC:GR homozygotes were crossed
to other independent homozygous lines and to wild type.
Double hemizygous plants did not show a phenotype when
grown in DEX media, whereas the hemizygous lines obtained
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GGNCCCNC GGNCCCNC GGNCCCNC
B -+ - +
free probe
. free probe
Promoter Intron

Fig. 2. Interaction of CYC recombinant protein with RAD promoter
and intron. (A) RAD genomic region showing three potential CYC-
binding sites in the promoter and intron. (B) PCR fragments of
promoter and intron sequences with putative CYC-binding sites were
amplified and used as probes in an EMSA with recombinant CYC
protein. + or —indicates the presence or absence of CYC protein;
asterisks indicate retardation of the mobility of CYC-DNA binding
complex.

1 2 3
cre W
e

Fig. 3. Northern blot of RNA from 35S::CYC:GR DEX-grown T2
plants derived from three independent transformants, probed with
CYC (top) or NPTII as control (bottom). For each transformant,
seedlings were grouped according to whether they had a strong (*) or
a wild-type phenotype. Progeny testing showed that in all cases,
plants with the strong phenotype were hemizy gous, whereas plants
with wild-type phenotypes were homozygous for the construct.

from the cross with wild type showed the phenotype. These
results indicate that two doses of the transgene result in gene
silencing, a phenomenon that has been recorded previously for
some transgenes (de Carvalho et al., 1992).

CYC promotes petal expansion in Arabidopsis
One aspect of the phenotype of DEX-induced 35S::CYC:GR
plants was that the petals were bigger than those of wild type

Research article

@ +CyC

Petal Area
n

T
0.5 m
0
1 2

Fig. 4. Effect of CYC in the growth of the petals of Arabidopsis.
Flowers along the inflorescence of (A) wild-type and (B)
358:CYC:GR plants grown in DEX. (C) Petal area (mm?) of
consecutive flowers in the inflorescence. Flowers are numbered from
the first flower with visible petals (flower 1). The inflorescence
remaining after removal of flowers equal or older than stage 1 is
labelled ‘inf’. Error bars indicate standard deviations. Number of
petals measured for each stage was between five and eight. Yellow
bars indicate wild-type and orange bars indicate 35S::CYC:GR
plants (+CYC) grown with DEX. Scale bars: 1 mm.

3 4 5 6 4

(Fig. 4). To determine the stage at which this size change
became evident, flowers were staged according to the number
of nodes below the first flower with visible petals, termed
flower 1 (Butenko et al.,, 2003; Patterson, 2001). Petals from
358:CYC:GR flowers became larger than wild-type petals
after flower 2 (Fig. 4A-C). Measurements of surface area of
mature petals (Fig. 4C) showed that 355::CYC:GR petals were
about 1.5 times larger in area for all four petals. In addition,
floral organ senescence was delayed as petals remained
attached to the silique for a prolonged period, in contrast to
wild-type organs, which abscise at flower 5 or 6. To investigate
the correlation between petal area and senescence further, we
measured petal areas in two mutants with delayed or deficient
abscission: inflorescence deficient in abscission (ida), in which
floral organs remain attached to the plant body after the
shedding of mature seeds (Butenko et al., 2003); and ethylene-
response gene (etrl-1), an ethylene response mutant that shows
delayed floral organ abscission (Bleecker et al., 1988; Bleecker
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Fig. 5. Effect of CYC on Arabidopsis petal cell size. SEM images of
the tip and middle areas of wild-type and 35S::CYC:GR petals show
that the increase in petal area when CYC is active is due to an
increase in cell size. In each SEM image, the same number of cells
are highlighted in orange. Numbers indicate cell size (um’+s.e.m.) in
the tip and middle regions of the petals, determined using the
CellFinder programme. On average between 200 and 500 cells were
measured per image and five petals were used to obtain the average
cell size in the different petal areas. Left panel shows wild-type and
right panel shows 35S::CYC:GR plants (+CYC) grown with DEX.
Scale bar: 50 pm on the SEM images; 1 cm on the whole petals.

and Patterson, 1997, Patterson and Bleecker, 2004). In neither
of these mutants was petal size affected to the same degree as
35S::CYC:GR plants, although there may have been a slight
increase in size for efrl-1 (data not shown).

To determine whether the increase in petal area reflected
changes in cell proliferation or expansion, the adaxial
epidermal layer of mature petals was analysed by SEM (Fig.
5). The average cell area from the tip and middle regions of
the petal epidermis was determined. This showed that the cells
of 358::CYC:GR petals were about 1.6 (middle region) or 1.8
(tip region) times bigger than the epidermal cells of wild-type
petals. These values are comparable with the overall increase
in petal area (1.5 times), indicating that the effect of CYC on
petal area could be largely accounted for by increased cell
expansion.

To determine the developmental stage at which CYC exerts
its effects on petal development in Arabidopsis, 35S::CYC:GR
plants were transferred to DEX after bolting, when the first two
flowers had opened in the main inflorescence. The
inflorescence was then allowed to develop further. All flowers
showed delayed senescence and abscission, indicating that
CYC can have an effect late in development even after the
flowers have opened.

CYC represses growth of Arabidopsis leaves

358::CYC:GR plants grown in DEX-containing media, were
dwarfed and exhibited small oval-shaped leaves (Figs 6, 7, 8).
Mature leaves of 35S::CYC:GR plants were on average eight
times smaller in surface area than those of wild type (Fig.
7A,C). To investigate whether the difference in leaf size was
due to a difference in cell size or in cell number, the adaxial
epidermal layer of leaf 4 was analysed by SEM at different

Evolution of regulatory interactions 5097

Fig. 6. Effect of overexpressing CYC in Arabidopsis. 35S::CYC:GR
plants have smaller leaves and bigger petals. (A) Wild type; (B)
35S::CYC:GR plants grown on DEX; (C) higher magnification of B
(~6). Scale bars: 1 cm.

stages of development (Fig. 7B,D). At maturity, cells of
35S::CYC:GR leaves were about four times smaller than those
in wild-type plants, suggesting that contrary to what was
observed in the petals, CYC has a role in repressing cell
expansion in the leaves. However, if reduced cell size was solely
responsible for the reduction in overall leaf size, the leaves of
35S::CYC:GR plants should be four times smaller rather than
observed value of eight times. This indicates that 35S::CYC:GR
leaves also had about half the number of cells of wild type. To
determine whether this reflected an early arrest of cell
proliferation, epidermal cells of younger leaves were analysed.
At day 14, cells of 35S::CYC:GR leaves were larger than those
of wild type, suggesting that cell division had arrested early and
the cells were starting to differentiate (Fig. 7B,D). Moreover,
evidence of recent cell divisions could be seen in the epidermal
cells of wild-type leaves (formation of new stomata), whereas
in 358:CYC:GR leaves no such events could be seen. Thus,
CYC reduces both cell proliferation (by promoting early arrest
of cell division) and cell expansion in leaves.

To determine the developmental stages at which CYC can
affect leaf growth, 35S::CYC:GR plants were grown in media
with DEX and transferred to media without DEX at day 10 and
left to grow to maturity (Fig. 8B). At the time of transfer, the
first two rosette leaves were about 2 mm wide and the third
leaf was 0.5 mm wide. Analysis of consecutive rosette leaves
of mature plants showed that from the third leaf onwards, the
leaves increasingly resembled leaves of plants grown
continually in the absence of DEX (compare Fig. 8A with 8B).

This showed that removal of CYC could restore leaf growth
at early stages of development, before they were about 0.5 mm
wide. Moreover, the effect was greater the earlier that CYC was
removed.
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Conversely, when plants were grown without DEX and
moved onto DEX at day 10 (Fig. 8C), growth repression was
first detected for leaves 3-4 and became progressively more
pronounced in later leaves (compare Fig. 8C with 8D). These
results suggest that activation of CYC can influence leaf
development at early stages, before leaves are 0.5 mm wide,
leading to a reduction in final leaf size.

A

+CYC '

Leafarea
Cell area

day 14 day 36 day 14 day 36

Fig. 7. CYC represses leaf growth in Arabidopsis. (A) Leaves from
wild-type and 35S::CYC:GR plants grown on DEX (+CYC), at early
(day 14; left) and late (day 36; right) developmental stages. In all
cases, the fourth rosette leaf was measured. Scale bar: 1 mm.

(B) SEM images of adaxial epidermal cells from leaves at the same
developmental stage as in A with individual cells highlighted in
diver}e colours. Scale bar: SO pm. (C) Measurements of leaf area
(mm?) and (D) epidermal cell area (m?) show that CYC reduces
leaf surface area by a reducing cell proliferation and cell expansion.
Three to five leaves were measured and the area of 19-87 cells in
each leaf was obtained. Error bars indicate standard deviations.
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CYC activates Antirrhinum RAD in Arabidopsis but
not endogenous RAD-like genes

The Arabidopsis genome contains six RAD-like genes none of
which containing the consensus CYC binding-site within 2 kb
upstream or downstream of the coding regions (C.B.,
MM.R.C. and E.C.). To investigate whether the effects of
CYC in Arabidopsis might nevertheless involve activation of
these genes, RT-PCR was performed on 35S::CYC:GR plants
6, 24 and 48 hours after being transferred to DEX-containing
media. No increase in expression of the RAD-like genes was
observed, suggesting that CYC does not affect expression of
any of these genes.

To test whether CYC could activate the Antirrhinum RAD
gene in the context of Arabidopsis, 35S::CYC:GR
Arabidopsis plants were crossed to transgenic plants
containing RAD under the control of its own promoter
(RAD::RAD) (C.B., MM.R.C. and E.C.). When plants with
both transgenes were grown in DEX, they showed the same
phenotype as 35S::CYC:GR plants. The double transgenics
were also grown without DEX and transferred, at 21 days after
germination, to media containing DEX. Fig. 9 shows that RAD
expression was upregulated 6 hours after the induction of
CYC, confirming that CYC can bind to the RAD promoter in
vivo, and showing that this interaction can be reconstituted in
Arabidopsis.

Discussion

We have shown that CYC most likely acts as a transcription
factor that binds to the RAD target gene. The interaction

Fig. 8. Effect of CYC activation or inactivation on the growth of
Arabidopsis leaves. (A,B) 358::CYC:GR plants were grown in media
without DEX (A) or with DEX (B) and left to grow to maturity.
(C,D) Alternatively, 10 day after germination, seedlings in which leaf
3 was less than 0.5 mm wide were transferred from media without
DEX to media with DEX (C) or from media containing DEX to
media without DEX (B). Numbers correspond to consecutive rosette
leaves in the mature plants. Scale bar: 1 cm.
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between CYC and RAD can be reconstituted in Arabidopsis,
as induction of CYC leads to increased expression of the
Antirrhinum RAD gene in Arabidopsis. Moreover, CYC
expression affects growth and development of leaves and petals
in Arabidopsis, indicating that it is able to influence
developmental target genes in this species, as well as in
Antirrhinum. In the case of leaves, CYC acts from an early
stage in development to inhibit cell proliferation and at a later
stage to reduce cell expansion, resulting in an overall reduction
in leaf size. In petals, CYC acts at a late stage to promote cell
expansion, leading to an increase in size of all petals.

In contrast to the situation in Antirrhinum, endogenous
RAD-like genes are not activated by CYC in Arabidopsis. This
suggests that although CYC can exert effects in Arabidopsis,
the network of interactions involving CYC has changed since
the Antirrhinum and Arabidopsis lineages diverged. The most
recent common ancestor of Arabidopsis and Anfirrhinum most
likely had a TCPI/CYC gene that was asymmetrically
expressed in axillary meristems (Cubas et al., 2001). How
might the network of interactions have diverged in the lineages
derived from this common ancestor?

In considering the evolutionary changes in a regulatory
network, it is convenient to distinguish between two types of
target process influenced by a transcription factor. One is the
set of potential targets that could be influenced by expression
of the transcription factor at any developmental stage and in
any part of the plant. This class of targets can be revealed
through constitutive expression of the transcription factor.
Evolutionary changes in potential targets may occur, for
example, through changes in the structure of the transcription
factor (i.e. binding site) or changes in the promoters of target
genes. The other type of target process is the set of actual
targets that are influenced only where and when the
transcription factor is normally active. Given a set of potential
targets, changes in the expression pattern of the transcription
factor can lead to modifications to the defined subset of actual
targets.

The ability of CYC to influence both Anfirrhinum and
Arabidopsis development suggests that a range of potential
developmental targets were present in their common ancestor.
A subset of these would have been the ancestral actual targets
in the dorsal regions of axillary meristems. Although these
actual targets are unknown, they are unlikely to have involved

RAD::RAD
RAD::RAD X
358::CYC:GR
-Dex +Dex -Dex +Dex

Fig. 9. CYC upregulates RAD expression in Arabidopsis. RT-PCR
analysis of RAD transcript in 35S::CYC:GR RAD:RAD plants
transferred to DEX. RNA was extracted after 6 hours after transfer.
APT (adenosine phosphotransferase) was used as a constitutive
control.
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morphological asymmetry of the flower as the ancestral
condition is thought to have been radial symmetry.

A key step in the lineage leading to Anfirrhinum may have
been co-option of RAD into the network of potential targets
(Fig. 10, step a). This could have arisen though mutations in
the RAD promoter or intron, bringing RAD under the control
of CYC. This would account for why over-expression of CYC
in Arabidopsis does not lead to activation of RAD-like genes
(as they lack appropriate recognition sites) even though it can
activate the Antirrhinum RAD gene. It is also consistent with
the more restricted role of RAD in floral symmetry compared
with CYC and DICH.

In addition to co-option of RAD, other alterations in the
regulatory interactions may also have occurred in the
Antirrhinum lineage. For example, CYC has developmental
effects on stamen arrest as well as a slight effect on petal lobe
asymmetry independent of RAD. These effects may have arisen
through divergence in some of the target processes influenced
by CYC (Fig. 10, step b). It is also possible that the target
sequence recognised by CYC diverged to some extent (the
CYC consensus binding site is not typical of type II TCP
proteins).

Another evolutionary change may have involved persistent
expression of CYC in the dorsal domain of Anfirrhinum floral
meristems [in contrast to transient expression of TCPI in
Arabidopsis (Cubas et al., 2001)], leading to a change in
expression or range of actual targets. Given the phenotypic
effects of CYC on petal size in Arabidopsis, it is possible that
such persistence could create an asymmetric Arabidopsis
flower with larger dorsal petals. Persistence in the Anfirrhinum
lineage may have arisen through evolution of an auto-
regulatory loop (Fig. 10, step c), as CYC contains promoter
sequences matching the consensus CYC-binding site (the

Fig. 10. Schematic representation of evolution of gene interactions in
the Anfirrhinum lineage controlling flower dorsoventral asymmetry.
Potential direct and indirect targets of CYC are highlighted in orange
and red, with the subset of actual targets indicated in orange.
Downstream targets regulating growth are in green and the rest of the
regulatory network in which CYC interactions are embedded is
shown in grey. Steps where divergence involving CYC interactions
are lettered a-d (see text for explanation).
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TCP1 promoter does not contain such sites). However,
persistent expression could also have arisen through interaction
with other factors that are not directly dependent on CYC. In
addition, we cannot rule out the possibility that the ancestral
CYC/TCPI gene was persistently expressed in dorsal floral
meristems and that expression became transient in the lineage
leading to Arabidopsis.

Compared with CYC, little is known about the role of TCP1
and its downstream targets in Arabidopsis. Nevertheless, it
seems that some of the potential target processes influenced
by CYC may be conserved in Arabidopsis. Expression of
CYC in leaf primordia influences both cell division and
expansion. Moreover, this effect is cumulative with increased
duration of CYC expression. This is comparable with the
effects of CYC on organ development in Antirrhinum,
consistent with some overlap between potential target
processes influenced by CYC in the two species but also some
divergence (Fig. 10, step d).

Expression of CYC also influences petal development in
Arabidopsis. All petals are equally affected, reflecting ectopic
expression of CYC all around the developing flower. The effect
of CYC largely involves cell expansion late in development, in
contrast to CYC in Anfirrhinum, which also has early
developmental effects. Moreover, CYC expression does not
affect stamen development in Arabidopsis, unlike the situation
in Antirrhinum. Thus, the potential developmental targets in
floral organs have probably diverged, consistent with the
inability of CYC to switch on RAD-like genes in Arabidopsis.

Taken together, our results indicate that interactions
involving CYC have changed in many ways since the
separation of the Antirrhinum and Arabidopsis lineages. These
changes may themselves represent a subset of the changes that
have occurred in the whole regulatory network in which CYC
is embedded. Nevertheless, some elements of the network have
been preserved, such as the initial asymmetric expression
pattern and the modification of developmental target gene
activity. Thus, floral asymmetry has most likely arisen through
a process of tinkering (Jacob, 1977; Jacob, 2001) with the
strengths and pattern of connections in a regulatory network,
in which some common elements may still be discernable.

‘We thank Shunichi Kosugi for providing the oligonucleotides with
the TCP class | and II binding sequences and for technical help. We
are grateful to Robert Sablowski for providing the plasmid pRS20
containing the glucocorticoid receptor sequence, Mark Chadwick for
making the pRSET-CYC construct and Reidunn Aalen for providing
the ida seeds. This work was funded by a grant from the BBSRC.

References
Almeida, J., Rocheta, M. and Galego, L. (1997). Genetic control of flower
shape in Antirrhi majus. Develop 124, 1387-1392.

Babu, M. M., Luscombe, N. M., Aravind, L., Gerstein, M. and Teichmann,
S. A. (2004). Structure and evolution of transcriptional regulatory networks.
Curr. Opin. Struct. Biol. 14, 283-291.

Bleecker, A. B. and Patterson, S. E. (1997). Last exit: senescence, abscission,
and meristem arrest in Arabidopsis. Plant Cell 9, 1169-1179.

Bleecker, A. B., Estelle, M. A., Somerville, C. and Kende H. (1988)

Research article

Cantu, J. and Ruiz, C. (1985). On atavisms and atavistic genes. Annu. Genet.
28, 141-142.

Carpenter, R., Copsey, L., Vincent, C., Doyle, S., Magrath, R. and Coen,
E. (1995). Control of flower development and phyllotaxy by meristem
identity genes in antirrhinum. Plant Cell 7, 2001-2011.

Clough, S. J and Benl, A F (1998) Floral d:p a simplified method for

of Arabidopsis thaliana. Plant J.

16 735-743.

Corley, S. B., Carpenter, R., Copsey, L. and Coen, E. (2005). Floral
asymmetry involves an interplay between TCP and MYB transcription
factors in Antirrhinum. Proc. Natl. Acad. Sci. USA 102, 5068-5073.

Crawford, B. C., Nath, U, Carpenter, R. and Coen, E. S. (204).
CINCINNATA controls both cell differentiation and growth in petal lobes
and leaves of Antirthinum. Plant Physiol. 135, 244-253.

Cubas, P., Coen, E. and Zapater, J. M. (2001). Ancient asymmetries in the
evolution of flowers. Curr. Biol. 11, 1050-1052.

de Carvalho, F.,, Gheysen, G., Kushnir, 8., Van Montagu, M., Inze, D. and
Castresana, C. (1992). Suppression of beta-1,3-glucanase transgene
expression in homozygous plants. EMBO J. 11, 2595-2602.

Donoghue, M. J., Ree, R. and Baum, D. A. (1998). Phylogeny and the
evolution of flower symmetry in the Asteridae. Trends Plant Sci. 3, 311-
317.

Endress, P. K. (1999). Symmetry in flowers: diversity and evolution. Int. J.
Plant Sci. 160, $3-823.

Galego, L. and Almeida, J. (2002). Role of DIVARICATA in the control of
dorsoventral asymmetry in Antirrhinum flowers. Genes Dev. 16, 880-891.

Gibson, G. and Honeycutt, E. (2002). The evolution of developmental
regulatory pathways. Curr. Opin. Genet. Dev. 12, 695-700.

Green, P. B. and Linstead, P. (1990). A procedure for SEM of complex shoot
structures applied to the inflorescence of snapdragon (Antirrhinum).
Protoplasma 158, 33-38.

Gubitz, T., Caldwell, A. and Hudson, A. (2003). Rapid molecular evolution
of CYCLOIDEA-like genes in antirthinum and its relatives. Mol. Biol. Evol.
20, 1537-1544.

Guerineau, F. and Mullineaux, P. M. (1993). Plant transformation and
expression vectors. In Plant Molecular Biology Labfax (ed. R. R. D. Croy),
pp. 121-148. London: BIOS Scientific Publishers.

Hall, B. (1995). Atavisms and atavistic mutations. Nat. Genet. 10, 126-127.

Hileman, L. C. and Baum, D. A. (2003). Why do paralogs persist? Molecular
evolution of CYCLOIDEA and related floral symmetry genes in
Antirrhineae (Veronicaceae). Mol. Biol. Evol. 20, 591-600.

Jacob, F. (1977). Evolution and tinkering. Science 196, 1161-1166.

Jacob, F. (2001). Complexity and tinkering. Annu. New York Acad. Sci. 929,
71-73.

Kosugi, S. and Ohashi, Y. (1997). PCF1 and PCF2 specifically bind to cis
elements in the rice proliferating cell nuclear antigen gene. Plant Cell 9,
1607-1619.

Kosugi, S. and Ohashi, Y. (2002). DNA binding and dimerization specificity
and potential targets for the TCP protein family. Plant J. 30, 337-348.

Kosugi, S., Suzuka, I. and Ohashi, Y. (1995). Two of three promoter elements
nknuﬁcd in a ncc gene for pmh.fcmung cell nuclear antigen are essential
for meri ion. Plant J. 7, 877-886.

Lloyd, A. M., Schem, M., Wnlbot,V and Davis, R. W. (1994). Epidermal
cell fate detcrmulanon in Arabidopsis: patterns defined by a steroid-
inducible regulator. Science 266, 436-439.

Luo, D., Carpenter, R., Vincent, C., Copsey, L. and Coen, E. (1996). Origin
of floral asymmetry in Antirchinum. Nature 383, 794-799.

Luo, D., Carpenter, R., Copsey, L., Vincent, C., Clark, J. and Coen, E.
(1999). Control of organ asymmetry in flowers of Antirrhinum. Cell 99, 367-
376.

Nath, U., Crawford, B. C., Carpenter, R. and Coen, E. (2003). Genetic
control of surface curvature. Science 299, 1404-1407.

Palatnik, J. F,, Allen, E., Wu, X., Schommer, C., Schwab, R., Carrington,
J. C. and Weigel, D. (2003). Control of leaf morphogenesis by microRNAs.
Nature 425, 257-263.

Patterson, S. E. (2001). Cutting loose. Abscission and dehiscence in
Arabidopsis. Plant Physiol. 126, 494-500.

Pattzrson, S E. and Blmlur, A. B. (2004). Ethylene-dependent and

'myto hyl ferred by a d
thaliana. Science 241, 1086-1089.

Butenko, M. A, Patterson, S. E., Grini, P. E., Stenvik, G. E., Amundsen,
S. S., Mandal, A. and Aalen, R. B. (2003). Inflorescence deficient in
abscission controls floral organ abscission in Arabidopsis and identifies a
novel family of putative ligands in plants. Plant Cell 15 2296-2307.

d with floral organ abscission in
Ambxdupsls PIantPhyswl 134, 194-203.

Sablowski, R. W. and Meyerowitz, E. M. (1998). Temperature-sensitive
splicing in the floral homeotic mutant apelata3-1. Plant Cell 10, 1453-1463.

Schenk, P. M., Baumann, S., Mattes, R. and Steinbiss, H. H. (1995).
Improved high-level expression system for eukaryotic genes in Escherichia

251



-
=1
o
=
=]
ou
(5
>
D

~

=]

coli using T7 RNA polymerase and rare ArgtRNAs. Biotechniques 19, 196-
198, 200.

Stebbins, G. L. (1974). Flowering Plants: Evolution Above the Species Level.
Cambridge, MA: Harvard University Press.

Studier, F. W. and Moffatt, B. A. (1986). Use of bacteriophage T7 RNA
polymerase to direct selective high-level expression of cloned genes. J. Mol.
Biol. 189, 113-130.

Tautz, D. (2000). Evolution of transcriptional regulation. Curr. Opin. Genet.
Dev. 10, 575-579.

Tremousaygue, D., Garnier, L., Bardet, C., Dabos, P., Herve, C. and
Lescure, B. (2003). Internal telomeric repeats and “TCP domain® protein-
binding sites co-operate to regulate gene expression in Arabidopsis thaliana
cycling cells. Plant J. 33, 957-966.

Evolution of regulatory interactions 5101

252



The Plant Cell, Vol. 17, 1737-1748, June 2005, www.plantcell.org © 2005 American Society of Plant Biologists

Localization of the Microtubule End Binding Protein EB1
Reveals Alternative Pathways of Spindle Development
in Arabidopsis Suspension Cells®
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In a previous study on A P cells tr iently with the microtubule end binding protein
AtEB1a-green fluorescent proteln {GFP), we reported that interphase microtubules grow from multiple sites dispersed over
the cortex, with plus ends forming the characteristic comet-like pattern. In this study, AtEB1a-GFP was used to study the
transitions of microtubule arrays throughout the division cycle of cells lacking a defined centrosome. During division, the
dispersed origin of microtubules was replaced by a more focused pattern with the plus end comets growing away from sites
d withthe lear periphery. The mitotic spindle then Ived intwo quite distinct ways d onthepr or
absence of the preprophase band (PPB): the cells displaying outside-in as well as inside-out mitotic pathways. In those cells
possessing a PPB, the fusion protein labeled material at the nuclear periphery that segregated into two polar caps,
perpendicular to the PPB, before nuclear envelope breakdown (NEBD). These polar caps then marked the spindle poles upon
NEBD. However, in the population of cells without PPBs, there was no prepol: of m ial at the |
before NEBD, and the bipolar spindle only emerged clearly after NEBD. Such cells had variable spindle orientations and
d phragmoplast mobility, sugg g that the PPB is involved in a polarization event that promotes early spindle pole
is and t positional stability during division. Astral-like microtubules are not usually prominent in plant
cells, butthey are clearly seen in these Arabidopsis cells, and we hypothesize that they may be involved in orienting the division

h

plane, particularly where the plane is not determined before division.

INTRODUCTION

In higher plant cells, the origins of the different microtubule arrays
are not always clear because these cells do not contain an
obvious microtubule organizing center, like the animal centro-
some. Higher plant cells form four different microtubule arrays
that succeed each other during the cell cycle: the interphase
cortical array, the preprophase band (PPB), the mitotic spindle,
and the cytokinetic phragmoplast. During interphase, micro-
tubules are diffusely distributed at the cell cortex, where they
associate with the plasma membrane and form parallel groups.
At the plasma membrane, cortical microtubules are motile,
exhibiting a hybrid form of dynamic instability and treadmilling
(Shaw et al., 2008), and we recently showed that microtubules
grow and shrink from multiple foci that can be tagged with
Arabidopsis thaliana end binding protein 1a-green fluorescent
protein (AtEB1a-GFP) (Chan et al., 2003).

During preprophase, the PPB develops from the selective sta-
bilization and destabilization of cortical microtubules {Dhonukshe
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and Gadella, 2003), which gives rise to a band of cortical
microtubules that encircles the nucleus. The directionality of
EB1 comets shows that the PPB, like the cortical aray, is
composed of microtubules of mixed polarity (Chan et al., 2003).
Despite appearing before mitosis, the PPB has a connection with
cytokinesis in that it marks the plane of cell division (Mineyuki,
1999). In addition to the cortical band that somehow marks the
division plane, the microtubules radiating from the preprophase
nuclear surface have also been suggested to play roles in
premitotic nuclear positioning, spindle orientation, and spindle
pole morphogenesis (Lloyd, 1991; Mineyuki, 1999; Granger and
Cyr, 2000). The fact that microtubules radiate from the nuclear
envelope during preprophase (also in the early postcytokinetic
period) has led to the nuclear periphery being one of the
accepted sites for microtubule nucleation in plants (Erhardt
et al., 2002; Schmit, 2002).

The next transition concerns the formation of the spindle. At
prophase, a cage of microtubules develops around the nucleus,
forming the prophase spindle which, by metaphase, consists of
two half sets of microtubules with opposite polarity. The plus
ends of the microtubules for each half set lie in the equatorial
plane (Euteneuer et al., 1982). The spindle poles are not as tightly
focused as in animal cells for there may be multiple minipoles
that frequently give rise to broad poles. At anaphase, after the
chromosomes have separated, the microtubules of the spindle
midzone give way to a column comprised of two sets of inter
digitating microtubules; in the conventional cytokinesis of so
matic cells, these remnants of the central spindle are considered
to initiate the cytokinetic apparatus (Staehelin and Hepler, 1996;
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Otegui and Staehelin, 2000). This, the phragmoplast, then grows
out centrifugally, opening up as aring that deposits the cell plate
in its center. Microtubule hook decoration studies have shown
that phragmoplast microtubules share the same polarity as those
of the spindle, with the plus ends overlapping in the equatorial
plane (Euteneuer and Mclntosh, 1980). Drug and molecular
biological studies indicate that phragmoplast expansion is de-
pendent upon continuous microtubule depolymerization and
repolymerization, during which microtubule disassembly is
tightly coupled to cell plate expansion (Yasuhara et al., 1993;
Nishihama and Machida, 2001).

Throughout this cyclic formation of different microtubule
arrays, the absence of a centriole-containing centrosome as an
unambiguous marker of microtubule nucleation has led to un-
certainty about the origin of, and continuity between, the various
microtubule arrays. For instance, the absence of centrosomes
from the plant cell's spindle poles has been taken as support for
the idea that spindles form by an inside-out mechanism in which
microtubules first associate with the chromosomes before being
sorted and drawn by microtubule motors into an antiparallel array
in which the minus ends only latterly become organized into
poles (reviewed in Compton, 2000). The origins and sites of
microtubule nucleation during phragmoplast expansion are also
unclear. Insomatic cells, the phragmoplast appears to evolve out
of spindle remnants (Zhang et al., 1990; Otegui and Staehelin,
2000), whereas in endosperm, the phragmoplast microtubules
are nucleated from the surfaces of the daughter nuclei with the
cell plate being deposited where microtubules overlap at the
periphery of the various nuclear-cytoplasmic domains (Vaughn
and Harper, 1998; Brown and Lemmon, 2001). However, in
somatic cells, once the phragmoplast grows out beyond the
internuclear corridor, it is not apparent where new microtubules
originate, and the idea that microtubule plus ends overlap at the
midline is not universally agreed upon: the possibility has been
raised that nucleating material becomes deposited in the mid-
line, resulting in a reversal of microtubule polarity (Schmit, 2002).
Markers for the plus or the minus ends of microtubules should
help us to understand the origin of the arrays.

Although higher land plants do not have centrioles as part of
their life cycle, it is possible that they possess some of the
antigens that constitute the amorphous pericentriolar material
from which spindle and cytoplasmic microtubules emerge.
v-Tubulin is an important constituent of animal centrosomes,
forming ring complexes that act as templates for new micro-
tubule growth (Zheng et al., 1995). However, in plants, y-tubulin
is found in variously sized complexes (Drykova et al., 20083): it
decorates the entire length of microtubules, not just the minus
ends, and has consequently not proved a good marker for
nucleation sites (Joshi and Palevitz, 1996).

An alternative marker for microtubule ends is the end binding
protein EB1, a member of a conserved family of microtubule-
associated proteins that in other eukaryotic cells is known to bind
the plus ends of microtubules. At the plus end of microtubules,
EB1 regulates microtubule dynamics by acting as an anticatas-
trophe factor (Rogers et al., 2002; Tirnauer et al., 2002) and
promotes the end-on-attachment of microtubules to different
subcellular targets (Korinek et al., 2000). However, EB1 has also
been shown to accumulate at the minus ends of microtubules

(Bu and Su, 2001; Morrison and Askham, 2001; Askham et al.,
2002; Rehberg and Graf, 2002; Rogers et al., 2002; Tirnauer et al.,
2002, 2004; Louie et al., 2004; Piehl et al., 2004) in organisms as
diverse as fungi (Straube et al., 2003) to vertebrates (Piehl et al.,
2004). A plausible explanation is that the minus end EB1 acts as
a repository for the material that grows out with the plus end
(Rehberg and Graf, 2002).

Recently, we reported on the distribution of an Arabidopsis
homolog of EB1 (AtEB1a) transiently expressed as a C-terminal
GFP fusion in Arabidopsis suspension cells (Chan et al., 2003).
We demonstrated that AtEB1a-GFP marks the plus ends of
microtubules with the familiar comet-like pattern (see also,
Mathur et al., 2003; van Damme et al., 2004). Using time-lapse
microscopy, we also showed that AtEB1a-GFP marked foci at
the minus ends from which microtubules (sometimes more than
one) were observed to grow and shrink back (Chan et al., 2008).

Now, using AtEB1a-GFP as a directional marker, we report on
the origin and continuity of the microtubule structures involved in
division, showing the existence of alternative pathways for
spindle pole and phragmoplast expansion in Arabidopsis sus-
pension cells.

RESULTS

Time-lapse microscopy was used to follow the direction of plus
end comet growth and the general staining pattern of AtEB1a-
GFP around the cell cycle. A brief overview of the changing
patterns of fluorescence is presented before focusing on phases
of particular interest.

As previously shown (Chan et al., 2003), during interphase,
plus end comets arose at multiple dispersed sites around the
cortex, but with the onset of division, the nuclear periphery
became a prominent site for microtubule outgrowth. Plus end
comets were observed to grow out from the perinuclear region
toward the cell cortex (see Supplemental Movie 1 online) to form
a radial array, in contrast with the interphase array in which the
microtubule ends are dispersed over the cortex. Prophase cells
were also readily distinguishable from interphase cells by accu-
mulations of AtEB1a-GFP around the periphery of their nuclear
envelopes (Figures 1A and 1B).

Metaphase spindles were characterized by general labeling of
the microtubules with heavy concentrations of AtEB1a-GFP at
their spindle poles (Figures 1C and 1D). Double labeling with
antitubulin confirmed that the GFP signal was concentrated at
the spindle poles (Figures 2A to 2E), forming annular structures in
favorably presented spindles (Figure 2E). Time-lapse movies
showed that the dynamic ends of spindle microtubules were
distal to these accumulations of AtEB1a-GFP at spindle poles
(data not shown).

During telophase and cytokinesis, AtEB1a-GFP accumulated
in two main locations: around the daughter nucleiand in the mid-
zone of the phragmoplast (Figures 1E and 1F). The relationship
of these locations to microtubules was confirmed by double
labeling fixed cells with antitubulin antibodies (Figures 2F to
2Q). Time-lapse movies established that plus end comets grow
away from the opposing faces of the daughter nuclei during
telophase (see Supplemental Movie 2 online) and cytokinesis
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Figure 1. Subcellular Distribution of AtEB1a-GFP in Dividing Suspen-
sion Cells of Arabidopsis.

Distribution of AtEB1a-GFP in living suspension cells of Arabidopsis ([A]
to [F]) at prophase/preprophase ([A] and [B]), metaphase (C}, anaphase
(D}, and cytokinesis ([E] and [F]). Arrowheads indicate accumulations of
AtEB1-GFP at spindle poles ([B] to [D]). Arrows in (E} indicate accumu-
lations around the nucleus. Arrowheads in (F} indicate accumulated label
in the midline of the phragmoplast. Bar = 7 pm.

{see Supplemental Movie 3 online). This places the plus ends of
microtubules at the midline of the phragmaoplast, distal to the
forming nuclear surfaces, in agreement with the hook decaration
studies of Euteneuer and Mclntosh {1980). In favorably presented
cells, the comets appeared to originate from foci of AAEB1a-GFP

AtEB1 in Division 1739

at the nuclear periphery (Figure 3, focus 1)—often multiple
comets emerged fram a single focus (see faci 2 and 5). These
faci were also highly dynamic, capable of circumferential and
radial movement at the nuclear periphery, concomitant with the
microtubule polymerization events (foci 2 and 3). In scme cases,
the faci exhibited a reduced intensity of fluorescence (focus
number 5) or disappeared {focus number 1) after the emergence
of the comets.

Time-lapse moavies of anaphase and cytakinesis alsc showed
that the plus end comets contribute to the midline location of
AtEB1a-GFP at the phragmoplast. Supplemental Movie 2 online
demonstrates that this labeling arase from the plus end comets of
micratubules that grew from the oppesing faces of the daughter
nuclei, meeting at the midline. In actively expanding cells, this
midline labeling was limited to the leading edge of the phragmo-
plast (Figures 4A ta 4F), resulting in a ring-shaped labeling pattem
during symmetrical growth of the phragmoplast (Figure 4F);
however, less regular patterns were formed during polarized
forms of phragmoplast growth fe.g., Figure 1F). Na evidence was
found for the contrary outgrowth of microtubules from the
phragmoplast midline toward the daughter nuclei. These data
therefore indicate that the plus ends of growing microtubules are
arientated toward the midzone of the phragmoplast.

Different Mechanisms of Plant Mitosis

By abserving microtubule arrays in dividing Arabidopsis cells, we
were able to identify a subpopulation of cells that divided without

Figure 2. Triple Staining of Dividing Cells Transformed with AtEB1a-GFP.

Transformed Arabidopsis suspension cells were fixed and stained with anti-GFP antibodies (green), antitubulin antibodies (red), and 4',6-diamidino-2-

phenylindole (DAPI) (blue).

(A} to (E) Metaphase/anaphase cells expressing AtEB1a-GFP: DAPI (A}, antitubulin (B}, anti-GFP (C), and merge {(D}. A magnified image of the top, right-
hand spindle pole in {C} is shown in {(E}. The arrow indicates the presence of an annular structure found at the pole.
(F} to (@} Cells expressing AtEB1a-GFP during cytokinesis: DAPI ([F], [J], and [N]), antitubulin ([G], [K], and [O]), anti-GFP ([H], [L], and [P]), and merge

(01, [M], and [Q]).

Bar = 14 pm in (A} to (D}, 5 pm in (E}, 13 pmin (F} to (B, and 11 pm in {J} to (M} and (N} to (Q).
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Figure 3. Plus End Comets Emerge from Foci of AtEB1a-GFP at the
Periphery of the Nuclear Envelope during Cytokinesis.

AtEB1a-GFP marks foci at the nuclear envelope (arrowheads 1 to 5) from
which plus end comets of AtEB1a-GFP (small arrowheads) can be seen
1o grow toward the cell cortex or phragmoplast. Focus 1 (10 s; [A])
disappears (frame 110 s; [C]) after the emergence of a plus end comet in
frame 30 s (B}—microtubule growth then ceases from this spot. Foci 2
and 3 display mobility at the circumference of the nucleus concomitant
with microtubule nucleation events —two plus end comets can be seen
to emerge from focus 2 and split at different angles in frame 110 s {C}.
Focus 4 appears in frame 110 s (C) and demonstrates microtubule
growth toward the phragmoplast. Focus 5 (frame 215 s; [E]) demon-
strates that the brightness of foci decreases after comet growth; similar
to focus 2, two comets emerge from focus 5 and grow at divergent
angles (frame 235 s; [F]). Note that AtEB1a-GFP is absent from the lower
face of the daughter nucleus where no microtubule growth can be
detected.

T, time (s); arrowheads, minus end foci of AtEB1a-GFP; small arrow-
heads, plus end comets; asterisks, outer edges of the phragmoplast; N,
upper nucleus of daughter pair. Bar = 10 pm.

a PPB. Despite the absence of the predictive band of micro-
tubules, the accumulation of label arcund the nuclear envelope
{e.q., Figure 1A) marked these cells as premitatic and allowed
them to be followed as they entered mitosis.

Time-lapse studies revealed that there were two pathways for
spindle pole development depending on whether a PPB was
present or nat. In this cell line, ~70% of cells in prophase did not
have a PPB even after the images were contrast stretched using
an inverted grayscale image to visualize the cortex mare cleary
{Figure 5A, TO). Allimages presented in subsequent parts of the
study were taken from cells that were tracked successfully
through division {prophase cells representing 0.17% of trans-
farmed cells).

In cells without a PPB, the premitotic nucleus was associated
with radial microtubule arrays. An important characteristic of
mitosis in such cells was that spindle bipolarity always developed
during prometaphase, after nuclear envelope breakdown
(NEBD). This is exemplified in Figures 5A to 5D, where it can be
seenthat AtEB 1a-GFP became diffusely distributed inthe vicinity
of the condensed chromosomes upon NEBD (Figure 5C). Spindle
bipolarity was then expressed during prometaphase, with
AtEB1a-GFP becoming concentrated at the spindle poles by
metaphase/anaphase (Figure 5D). These data therefore show
that cells proceeding into cell division without a PPB did not
exhibit distinct, bipolar staining patterns of AtEB1-GFP until the
bipolar axis of the spindle had been established after NEBD.

By contrast, in those cells that did display a PPB, spindle bipo-
larity was established much earlier, at preprophase/prophase
(Figures 5E ta 5H). In these cases, spindle pales developed
from sites at opposite sides of the premitotic nucleus so that
the interpolar axis was perpendicular ta the PPB (Figure 5G).
This polar arangement of AtEB1-GFP at prophase differed

Figure 4. AtEB1a-GFP Accumulates at the Midline of the Phragmoplast.

Time-lapse confocal laser scanning microscopy images of the
anaphase-telophase transition in a single cell show that AtEB1-GFP
is present at the midzone of the phragmoplast throughout its mor-
phogenesis ([A] 1o [F]). Selected stacks highlighting the nucleus (N) are
shown in {E}. Selected stacks from (D} showing the outer ring staining
of the growing phragmoplast, which has rotated, are shown in (F}.
Arrows indicate nucleus-associated microtubules that interact with
the cell cortex. T, time (min). Bar = 6.4 um in (A} to (F).
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Figure 5. AtEB1a-GFP during Spindle Morphogenesis: Alternative
Routes to Pole Formation, with and without a PPB.

Arabidopsis suspension cells undergoing spindle morphogenesis in
either the absence ([A] to [D]) or presence of a PPB ([E] to [H]). In the
absence of a PPB, spindle poles develop during prometaphase after
NEBD and redistribution of AtEB1a-GFP around the condensed chro-
mosomes ([C] and [D]). Accumulations of AtEB1a-GFFP at spindle poles
then become evident at metaphase/anaphase ([D], arrowheads). In the
absence of a PPB, the bipolar axis of the spindle is variable, in this case
forming perpendicular o the cell’s long axis ([A]; the inverted image [T0]
highlights the cell’s outline). By contrast, when cells display a PPB ([E] to
[H]), the bipolar axis of the spindle forms at prophase (G} before NEBD
and the mixing of AtEB1a-GFP with the condensed chromosomes.
During this process, AtEB1-GFP labels polar caps (G} that mark the poles
of the prometaphase spindle after NEBD {H). In cells with a PPB, the
bipolar axis of the spindle always forms parallel to the cell’s long axis.
The arrowheads ([E] to [H]) indicate cortical microtubules of the PPB.
Post NEBD indicates that the nuclear envelope has broken down. T, time
(min). Bar = 6.1 pum in {A} (9.6 pum in the inverted grayscale image), 7 pm
in (B} to (D}, and 7.9 pum in (E} to (H}.
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significantly from the nonpolarized form seen in cells without
a PPB (cf. Figures 1A with 1B). The fact that polar caps of
AtEB1a-GFP coexisted with the PPB suggested that the nuclear
envelope was still intact during spindle morphogenesis. This
was confimed in Arabidopsis suspension cells expressing
HDEL-yellow fluorescent protein (YFP) and immunostained
with antitubulin antibodies {(see Supplemental Figure 1 onling).
This showed that the nuclear envelope was intact when the PPB
was present, indicating that the development of spindle bipolar-
ity is flexible, in that it can occur both befare and after NEBD.

In addition to differences in spindle pale development, we also
found that the orientations of spindles were different in the two
subpopulations of cells. In all of the seven cells with a PPB that
were tracked through division, the spindle formed in a predict-
able orientation, perpendicular to the long axis of the cell. This
differed significantly to mitasis in the absence of a PPB, in which
the premitatic nucleus was asymmetrically disposed and the
equatarial plane of the spindle was variable. Of the 11 prophase
cells cbserved by time lapse to underga spindle formation in the
absence of a PPB, eight spindles formed with equatorial planes
parallel ta the cell's long axis {as shown in Figures 5A to 5D) and
twao formed with equatorial planes perpendicular to the cell's
long axis. The crientation of the remaining spindle was unknown
because the cell was spherical in shape. It would therefore
appear that in the absence of a PPB, the orientation of the
spindle is indeterminate.

Variable Forms of Phragmoplast Expansion

Although twao forms of early mitesis were seen in Arabidopsis
suspension cells, the genesis of the phragmoplast proceeded by
a single route —always occurring from the central spindle region.
During the anaphase-telophase transition, the pronounced la-
beling at the pales declined, and AtEB1a-GFP relocated diffusely
to the region of the central spindle and then became mare
focused again around the reformed nuclei (Figure 6).

As demonstrated in the movies of telophase cells (see Sup-
plemental Movies 2 and 3 online), we observed microtubule
outgrowth ta occur from the nuclear periphery during the early
stages of phragmoplast morphogenesis. During later stages,
when the phragmaoplast was expanding, we observed (Figure 6)
that nucleus-associated strands of cytoplasm continued to
contribute to the growing edge of the cytokinetic apparatus
(T10.70to T12.88). However, in some cells, the nucleus becomes
less tightly associated with the phragmoplast and its growing
front, with the cytokinetic apparatus appearing to break away
during subsequent stages. This can be seen by comparing the
relative paositions of the lower nucleus in panel T10.70 with
T12.83 of Figure 6. In this case, a GFP-labeled locus forms
independently of the nuclear surface, with filaments radiating
from it toward the midzone of the leading edge of the phragmo-
plast (Figure 6, panels T14.22 to T15.91); this could provide
a potential means of expanding the phragmaoplast as it grows
beyand the corridor between the daughter nuclei.

The process of centrifugal outgrowth alsa showed some
variability in its behavior. We were able ta follow by time lapse
bath symmetrical (11 cells, e.g., see Figures 3A to 3F) and
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Figure 6. AtEB1a-GFP during Phragmoplast Morphogenesis.

Time-lapse confocal laser scanning microscopy images of AtEB1a-GFP
during the transition between metaphase and telophase in Arabidopsis
suspension cells. The phragmoplast develops from the center of the
spindle. Arrowheads (T3.12 to T4.00) indicate the presence of an annular
structure at the spindle pole. AtEB1a-GFP then concentrates in the vicinity
of the daughter nuclei after their reconstitution in telophase. The arrow
shows the development of a cytoplasmic strand emanating from the
nucleus and thenincorporatinginto the growing face of the phragmoplast.
The arrowheads (T14.22 to T15.91) indicate the formation of a new site in
the outer margin of the phragmoplast. T, time {min). Bar = 8 um.

pelarized ffive cells, where the phragmoplast contacts one
mather wall first, see Cutler and Ehrhardt, 2002) forms of
expansicn in Arabidopsis suspension cells. The daughter nuclei
of these Arabidopsis suspension cells often remained stationary
during cytokinesis {e.g., see Figure 6). By contrast, we encoun-
tered cases where the nuclei moved. Figure 7 shows a different
kind of paolarized cytokinesis in which phragmoplast expansion
began symmetrically {TO min) but switched to polarized growth
after contact of the cell plate with one side of the cell cartex
(T9.46 min). Instead of remaining static, the daughter nuclei then
migrated toward the opposite side of the cell in the wake of the
autgrowing phragmoplast (T24.0 to T59.21 min). Microtubular
fluorescence was then diminished at the side of the phragmo-
plast that had made first contact with the cell wall and became
biased toward the leading edge of the phragmoplast, giving rise

to a C-shaped array of microtubules (T24.0 to T59.21 min; note
the loss of microtubules from the left-hand sides of bath nuclei).

The final paositioning of the cell plate also involved phragmo-
plast recrientation. Figure 8 {using an inverted grayscaleimage to
visualize the cortex mare clearly) shows an actively expanding
phragmoplast rotate through 90° befare selection of the division
plane. Note that this rotation occuwed in the same cell as
illustrated in Figures 5A to 5D, underlining the fact that phrag-
moplast rotations {three cells) were only cbserved in cells un-
dergoing mitosis in the absence of a PPB. In these cases, the
phragmoplast rearientation resulted in division cccurring along
the shortest axis of the cell (Supplemental Movies 5 and 6 online
show spindle and phragmoplast marphogenesis in the presence
and absence of a PPB, respectively).

Astral-Like Microtubules

As shown in Figure 8 (but better seen in Supplemental Movies 2
and 3 online), a general and notable feature of mobile daughter
nuclei was a subset of microtubules that emanated from polar
caps of AtEB1a-GFP around the nuclear surfaces distal to the
phragmoplast {see arrows in Figures 4, 7, and 8). These micro-
tubules interacted with the cell cortex (see Supplemental Movie 2
online). The appearance of these microtubules, which were
reminiscent of the astral microtubules of animal cell division,
was cell cycle regulated. They gradually increased in length and
number as cells progressed from metaphase (where a few, short
micratubules emanated from spindle pales) to anaphase and
telophase, during which numerous microtubules were observed
radiating from the outer surfaces of the reforming daughter nuclei
{see Figure 4). Like astral microtubules (Tirnauer et al., 2004),
the average growth rate of these nucleus-associated micro-
tubules was faster than reported for interphase rates of cortical

Figure 7. Polarized Cytokinesis.

Time-lapse confocal laser scanning microscopy images of a novel form of
polarized cytokinesis. Selected stacks show the mobility of the daughter
nuclei during phragmoplast expansion. Phragmoplast expansion begins
symmetrically (TC to T9.46) but switches 1o a polarized form (T24.0 to
T59.21) after contact of the cell plate with one side of the cell cortex
(arrowhead). Arrows indicate nucleus-associated microtubules that in-
teract with the cell cortex. N, daughter nuclei, which have accumulated
AtEB1a-GFP along their surfaces; T, time (min). Bar = 8.3 um.
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Figure 8. Phragmoplast Rotations.

Time-lapse confocal laser scanning microscopy images (inverted gray-
scale) showing an actively growing phragmoplast rotate through 90°.
This data set was collected from the same cell shown in Figure 5A, which
was used to demonstrate mitosis in the absence of a PPB. Arrows
indicate nucleus-associated microtubules that interact with the cell
cortex. N, nuclei; T, time (min). Bar = 8.3 um.

microtubule palymerization (6.12 + 0.29 um/min; 52 micro-
tubules versus 3.53 * 0.26 um/min; Chan et al., 2003).

DISCUSSION

The Distribution of AtEB1a around the Cell Cycle

EB1 is a well-established microtubule binding protein that
preferentially attaches to the growing plus end of microtubules
in animals (Mowison etal., 1998; Mimori-Kiyosue et al., 2000) and
fungi {Straube et al., 2003). This was alsa recently found to apply
to cartical microtubules in Arabidopsis suspension cells, with
AtEB1a labeling the fast-growing ends of cortical microtubules
in a comet-like pattern {Chan et al., 2003; Mathur et al., 2003;
van Damme et al., 2004). Previously, we used this labeling pat-
tern to show that microtubules of the cortical array are of mixed
palarity and that comets arise from multiple dispersed sites
around the cell cortex (Chan et al., 2003).

Inthis study, the nuclear periphery becomes active as a site for
microtubule cutgrowth and is particularly abvious in those cells
without a PPB where the microtubules farm a radial array. This is
consistent with the association of nucleating material with the
perinuclear region at specific stages of the cell cycle, as reviewed
by Yaughn and Harper (1998). During preprophase/prophase,
comets were cbserved to grow away from the nuclear periphery
toward the cell cortex. Comets were difficult to detect during
metaphase, but during anaphase they could be seen to grow
from the pales toward the equator of the spindle. During telo-
phase, comets grew from the outward-facing side of the daugh-
ter nucleus toward the cell cortex or from the inward-facing side
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to the equator of the phragmoplast. In all cases, it can be
deduced from the fact that plus end comets grow away from the
nuclear periphery that the minus ends are located at the paoles or
the nuclear surface. This is cansistent with hack decoration
studies that place the minus ends at the spindle poles in mitosis
(Euteneuer et al., 1982) and in the vicinity of the nuclear envelope
during cytokinesis (Euteneuer and Mclntosh, 1980)—in both
cases with plus ends meeting at the midline.

It is intriguing that in all of these loci where it can be inferred
that minus ends are directed, AtEB1a-GFP is also accumu-
lated. Although microtubules arise during mitosis in the general
region of the nucleus, the assaciation is not tight, for we
abserve both circumferential and radial movements of the
minus end foci at the nuclear periphery. Also, we observe
nucleation to occur during anaphase when the nuclear enve-
lope is not completely reformed. For these reasans, it does not
seem that the minus end loci are exclusively assaociated with
the nuclear envelope but may be assaciated, for example, with
ather components of the endomembrane system such as the
endoplasmic reticulum that is known to aggregate at spindle
pales upon breakdown of the nuclear envelope (Hepler, 1980;
Zachariadis et al., 2001).

The minus end localization of AtEB1a-GFP is consistent with
findings from diverse aorganisms, ranging from yeast to verte-
brates, that plus end tracking EB1 also gathers at the minus ends
of microtubules (Bu and Su, 2001; Morrison and Askham, 2001;
Askham et al., 2002; Rehberg and Gréf, 2002; Rogers et al.,
2002; Tirnauer et al., 2002, 2004; Straube et al., 2003; Louie et al.,
2004; Piehl et al., 2004). It is also consistent with our previous
study on Arabidapsis cells, which showed that AtEB1a-GFP
labeled faci at the minus ends of cartical microtubules from
which microtubules could be seento graw or shrink (Chan et al.,
2003). This initial targeting of AtEB1a-GFP to the minus end can
be explained by the idea that it acts as a repository for the EB1
required during plus end growth (Rehberg and Gréf, 2002). The
fact that EB1 accumulates at the poles in suspension cells
appears to be related to the elevated levels of expression under
the 35S promoater of Cauliflower mosaic virus and the transient-
expression system where spindle fluorescence was 16.7 (mean
of 35) times brighter than in Arabidopsis plants under the native
promater. By caontrast, polar accumulations were only accasion-
ally seen in Arabidopsis plants transformed under the 35S
promoater (2.5, mean of 9) and never seen in plants transformed
with the native promater nor has it been cbserved in stable
tobacca {Vicotiana tabacum) BY-2 lines expressing AtEB1a-GFP
{van Damme et al., 2004). We observed that the minus end
labeling was less prominent in those cells displaying rapid plus
end dynamics with the comet-like pattem (see Supplemental
Movie 3 cnline) and that the flucrescence intensity of perinuclear
fociwas reduced or disappeared after the emergence of comets.
We therefore suggest that the higher levels of overexpression
obtained in Arabidopsis suspension cells with the 358 promaoter
of Cauliflower mosaic virus allow for AtEB1a-GFP to persistatthe
minus ends at levels that are less readily depleted by micratubule
outgrowth.

Whatever the explanation, the ability of AtEB1a-GFP to mark
sites at the nuclear periphery has allowed the identification of
a subpopulation of premitotic cells that divide without a PPB,
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allowing us to compare their behavior with cells that divide in
a more conventional manner.

Al ative Mech

1s for Spindle Pole Morph

9

The time-lapse studies showed that two mechanisms for mitosis
exist side by side in a suspension culture, much as has been
reported for cultured and embryonic Drosophila melanogaster
cells (Goshima and Vale, 2003). In Arabidopsis suspension cells
where there is a PPB, perinuclear AtEB1a-GFP is sorted into two
polar caps perpendicular to the PPB before NEBD. This is
reminiscent of the redistribution of y-tubulin into bipolar caps in
preprophase onion (Allium cepa) root tip cells (Liu et al., 1993).
These premitotic bipolar caps of AtEB1-GFP transform seam-
lessly to locate to the spindle poles after NEBD. In most of the
cells, however, there is no PPB, AtEB1a-GFP is not prepolarized
into caps, and the bipolar spindle is formed after NEBD. This
suggests that inthese cells the polar accumulations only become
focused upon the assembly of the spindle in what would appear
to be a microtubule-dependent process.

Recent reviews of spindle development have focused on an
inside-out mechanism for plant cells and meiotic animal cells that
possess no centrioles/centrosomes. In this mechanism, micro-
tubules first associate with chromosomes before being self-
organized into bipolar arrays by motor proteins (for review, see
Compton, 2000). Using beads coated with bacterial DNA, in-
cubated in centrosome-free extracts of Xenopus, Heald et al.
{1996) showed that this method accounted for spindle develop-
ment in the absence of centrosomes and kinetochores. In this
mechanism, microtubules are nucleated in the vicinity of chro-
matin and then sorted by plus end-directed BIM C kinesins into
two antiparallel sets with plus ends overlapping at the midline.
Then, the distal minus ends are focused into poles by the action
of minus end motors that could convey materials such as
AtEB1a-GFP to the poles as spindle bipolarity develops.

In the alternative outside-in or search and capture mechanism
(Compton, 2000), centrosomes are the dominant centers of
microtubule nucleation and they determine the number and
position of the spindle poles. Thus, spindle bipolarity in such
cells relies on both the proper duplication and separation of the
centrosomes. This situation would seem to be analogous to the
process we observe in cells possessing a PPB, where AtEB1a-
GFP labels two polar caps before NEBD; that is, before the
microtubules and the chromatin mix. During the premitotic period
in such cells, the three-dimensional arrangement of cytoplasmic
strands that radiates from, and suspends, the nucleus is reor-
ganized to form a two-dimensional division plane—the phrag-
mosome withthe PPB at its perimeter (Lloyd, 1991). The fact that
the perinuclear AtEB1a-GFP does not separate into two polar
caps in those cells without PPBs implies that this premitotic
cytoplasmic reorganization may be necessary for bipolar cap
formation. In this scenario, AtEB1a-GFP is moved to opposite
poles of the premitotic nucleus as part of the process that draws
most of the cytoplasmic strands into the PPB/phragmosomal
plane and leaves polar strands to radiate from the nucleus
perpendicular to the division plane. This premitotic polarization
involves actin as well as microtubules, and destruction of the
polar strands can cause the spindle axis to be misaligned (Lloyd

and Traas, 1988). The formation of a tight PPB and the defining of
the spindle poles (and, by extension, polar caps) in premitosis
may also be connected and has been observed in other studies.
For instance, Granger and Cyr (2001) showed that nuclei not
overlapped by a PPB do not form distinct spindle poles (see
Figure 9 of their study). Abnormal PPB and spindle pole formation
has also been observed in Arabidopsis plants deficient in the
kinesin, KatA, where the PPB did not narrow to the same degree
as wild-type cells (Marcus et al., 2003). Consequently, micro-
tubules formed symmetrically around the nucleus, without clear-
ing to form distinct spindle poles.

In early models, the opposite outside-in mechanism was
predicted from the existence of the prophase spindle (e.g..
Wick and Duniec, 1983; Baskin and Cande, 1990; Lambert et al.,
1991). However, the recent application of the inside-out mech-
anism to plants (Compton, 2000) overlooks the existence of polar
caps and the prophase spindle. These observations underline
the inadequacy of equating plant cells with meiotic animal cells
because plant cell division can be brought about by both inside-
out and outside-in mechanisms and that the latter can function in
the absence of centrioles.

In a recent study by Goshima and Vale (2003), spindle pole
development in somatic animal cells was similarly demonstrated
to proceed via outside-in as well as inside-out mechanisms—the
latter being activated when one of the poles lacks a centrosome,
as in the centrosome ablation studies of Khodjakov et al. (2000).
However, rather than thinking of the inside-out mechanism as
a backup, Gadde and Heald (2004) have suggested that this
model, which was once thought not to apply to somatic animal
cells with centrosomes, may in fact operate in such cells, re-
flecting a natural redundancy. In plants, such a redundancy
would be important for endosperm and meiotic cells that do not
display PPBs and which, without the premitotic cytoplasmic
reorganization that this implies, would divide by the inside-out
route. It is unclear why this phenomenon is so prevalent in the
Arabidopsis culture. This phenomenon is not seen in our tobacco
BY-2 cell line that is grown alongside the Arabidopsis culture
under similar conditions. The fact that the latter tends to divide in
an undifferentiated mass instead of forming regular chains of
cells like BY-2 does suggest that aspects of cytoplasmic polar-
ization (of which PPB formation is an indicator) have been lost
during culture.

Variable Phragmoplast Growth and Astral Microtubules

Variations in cytokinesis have been reported before (Venverloo
and Libbenga, 1981), and Cutler and Ehrhardt (2002) used the
term polarized cytokinesis to describe the situation observed in
Arabidopsis plants where the phragmoplast contacts one wall
first and subsequently expands as a crescent, not a ring. In their
study, Venverloo and Libbenga (1981) showed that the nucleus
remained anchored to the first-contacted wall throughout sub-
sequent cytokinesis. Another form of polarized cytokinesis was
observed in this study in which the daughter nuclei do not re-
main anchored relative to the first-contacted wall but move with
the cell plate to the opposite side of the cell. By this means, the
AtEB1a-decorated nuclei move with the leading edge of the
phragmoplast. In this case, microtubules would seem to persist
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Figure 9. Model Showing Pathways of Spindle and Phragmoplast
Morphogenesis in Higher Plants.

Cells undergo alternative pathways of spindle pole development de-
pending upon the presence or absence of a PPB. In its presence (follow
arrow 1), spindle poles form during prophase before NEBD in a manner
consistent with outside-in (Compton, 2000) spindle assembly. By con-
trast, in cells without a PPB (follow arrow 2), spindle poles form during
prometaphase in a manner consistent with inside-out spindle assembly
pathway. Phragmoplast morphogenesis occurs via a single pathway
(follow arrow 3) from remnants of microtubules present in the spindle
midzone region insomatic cells. The subsequent stages of phragmoplast
expansion, however, are flexible and can occur either symmetrically
(follow arrow 5) or are polarized after contact of the cell plate with one
side of the cell cortex {follow arrows 6 and 7). Polarized cytokinesis can
occur with either stationary nuclei (follow arrow 6) or with nuclei that
migrate with the growing front of the phragmoplast (follow arrow 7).
Nuclear migrations can also contribute to the outgrowth of the phrag-
moplast (follow arrow 6) and to the final position of the cell plate in the
absence of a PPB, where the orientation of the spindle is indeterminate

AtEB1 in Division 1745

with the nucleus rather than redistributing away from it as shown
in Figure 6. Because Gutler and Ehrhardt {2002) have shown that
bath central and polarized cytokinesis can occur afew cells apart
in Arabidopsis roots, it is likely that the different mechanisms we
abserve similarly reflect a natural phenomenaon rather than an
abnormality of cultured cells.

Actively growing phragmoplasts, together with their nuclei,
often rotated during cytokinesis befaore selection of the final
division plane. This behavior was observed in cells that divided
without a PPB, indicating that the PPB {when present) promotes
the positional stability of these structures during cell division, as
suggested by Gimenez-Abian et al. {1998). This could mean that
the division site, which is somehow marked during preprophase,
provides a reference paint for cytoplasmic elements (e.g., cyto-
plasmic strands) to be used later during phragmoplast cutgrowth.

An interesting feature of the phragmoplast rearientations
abserved in this study was the aster-like polar microtubules
that extended from the upper surfaces of the daughter nuclei
toward the cell cortex, maving around the circumference of the
cell as the daughter nuclei and phragmoplast migrated. Astral
microtubules are rarely mentioned in plants and have been
suggested ta be remnants of the nucleus-assaciated radial
microtubules of the preceding interphase (far review, see Baskin
and Cande, 1990). However, like the astral microtubules of
animal cells (Marrison and Askham, 2001; Tirnauer et al., 2002),
these nucleus-assaciated plant microtubules appear to be cell
cycle regulated: their growth rate was almost twice as fast as
interphase microtubules and they became mare prominent from
anaphase to telophase.

In animals and yeast, forces generated by growing astral
microtubules are thought to push against the cortex; alterna-
tively, cartically baund motar complexes reel in the astral micro-
tubules Kusch et al, 2002), thereby helping to orientate the
spindle axis. In plants, these astral-like micratubules could assist
with nuclear migration, helping to orientate the nuclei fand/or
phragmoplast) relative ta the plane of cell division and providing
support for the growing edge of the phragmoplast as it moves
across the vacuole. However, phragmaplast expansion probably
involves maore than microtubules, and there are indications that
actin filaments may be involved in spindle rotation as well as in
the centrifugal guidance and proper arientation of the new cell
plate {Lloyd, 1991).

In conclusion, this study has shown that both spindle de-
velopment and phragmoplast expansion can accur in different
ways that may be related to the variable degrees of premitatic
cytoplasmic reorganization according to the presence or ab-
sence of a PPB. Some of these behaviars, including the inside-
aut spindle development pathway and mability of the daughter
nuclei {phragmoplast rearientations), may therefore serve as
alternative mechanisms to rescue cell division in the absence of
premitatic cues that predict the plane of cell division {Figure 9).
This would be consistent with the fact that sex cells and
endosperm divide without a PPB and appear to erect a spindle

(arrow 4). Red dots indicate the cell cycle distribution of AtEB1a-GFP,
which, apart from labeling at the midline of the phragmoplast, marks the
location of microtubule minus ends.
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by the inside-out mechanism (Smirnova and Bajer, 1992). Di-
vision is not confined to small meristematic cells but can occur
adventitiously in large highly vacuolated cells under a variety of
natural and experimental conditions. Alternative pathways pro-
vide the flexibility for plants to adapt to varying circumstances.

METHODS

Plant Material

Suspension cultures of Arabidopsis thafiana (Columbia) were maintained
as described in Chan et al. (20083). Arabidopsis seedlings were grown on
plates containing 3% (w/v) phytagel, 0.5% {w/V) sucrose, and 0.43% (w/v)
MS powdered medium, with macro- and micro-elements (Duchefa,
Haarlem, The Netherlands). Plates were incubated for 2 d at 4°C and
then transferred to the growth room at 22°C under continuous lighting.
Seedlings were used for confocal microscopy after 3to 5 d.

Transient Tranformation of Arabidopsis Suspension Cultures

Cells were transformed with either AtEB1a-GFP or HDEL-YFP as de-
scribed by Chan et al. (2003), except that 200 p.L of the Agrobacterium
tumefaciens suspension was used to transform cells and that suspension
cultures were supplemented with 50 p.g/mL of acetosyringone before
transformation. Expression of AtEB1-GFP was visible within 2 d, after
which cells were subcultured to encourage division. The HDEL-YFP con-
struct was obtained from Chris Hawes (Oxford Brookes University,
Oxford, UK).

Preparation of the Native Promoter:AtEB1-GFP Construct and
Preparation of Stable Lines

The AtEBTa gene (introns and exons) plus 1 kb of sequence upstream of
the open reading frame was amplified from genomic DNA and inserted
into the pGEM-T-Easy vector (Promega, Southampton, UK) according to
the manufacturer’s instructions. The primers used for the PCR reaction
were as follows: 5'-AAGGTACCTAACCGATTAGACTTGCAGG-3' (AtEB1-
3-kpn1) and 5'-TTGTCGACTTGGCTTGAGTCTTTTCTTC-3', which am-
plified a product of 3263 bp. These primers also flanked the genomic DNA
fragment with Sail and Kpnl restriction enzyme sites. These sites were
then used to cut the PCR product from the pGEM-T-Easy vector and
ligate it into the pGR4 plasmid (provided by Gethin Roberts, John Innes
Centre, Norwich, UK}, which contains a C-terminal GFP tag. The native
promoter:AtEB1a-GFP construct was checked by sequencing and trans-
formed into Arabidopsis plants by transformation with Agrobacterium
(strain gv3101) using the floral dip technique (Bechtold et al., 1923). To
select for transformants, T1 generation seeds were harvested and sown
on MS powdered medium containing 50 pg/mL of kanamycin. Resistant
seedlings were transplanted to soil and the T2 seeds analyzed for the
segregation of kanamycin resistance. The x2 test was used to predict
lines containing a single copy of the transgene. Homozygous lines were
then identified in the T3 generation and used for microscopic analysis of
GFP expression. The 35S:AtEB1a-GFP construct was transformed into
plants as described above.

Immunofluorescence

Transformed cells were fixed for 1 h in PME buffer (50 mM piperazine-
N,N'-bis-[2-ethanesulphonic acid], 5 mM magnesium sulphate, and
5 mM ethylene-glycol-bis[g-aminoethylether]N,N,N'-tetracetic acid) plus
0.025 M sorbitol (PMES), containing 4% (w/v) formaldehyde and 0.1%
(v/v) glutaraldehyde. After three washes in PMES, the cells were stuck to
poly-L-Lys-coated slides and extracted in PMES containing 0.5%

{w/v) Onozuka R-10 cellulase (Yakult, Tokyo, Japan), 0.05% (w/v) Pectol-
yase Y-23 (Yakult), and 0.05% (v/v) Triton X-100. Cells were labeled with
rat antitubulin (YOL 1/34; Harlan Sera-Lab, Loughborough, UK; 1:50)
and rabbit anti-GFP (Molecular Probes, Eugene, OR; 1:100) diluted in
PMES containing 1% (w/v) BSA. Primary antibody binding was then de-
tected, after three washes in PMES, by applying anti-rabbit fluorescein
isothiocyanate—conjugated (DAKO, Glostrop, Denmark; 1:200) and anti-
rat CY3-conjugated antibodies (Amersham Biosciences, Little Chalfont,
UK; 1:500) diluted as described above. The cells were washed four
more times, stained with 4’ 6-diamidino-2-phenylindole (DAPI; 3 pg/mL)},
and then mounted in Citifluor antifade mountant (City University Chem-
istry Department, London, UK).

DAPI Staining of Cells

DNA was visualized by adding 25 pL of Triton X-100 (10% [v/v]
stock; 0.25% [v/v] final concentration) and 5 pL of DAPI (3 p.g/mL stock;
0.015 pg/mL final concentration) to 1 mL of suspension cells.

Confocal Microscopy and Image Analysis

Images were acquired using a Bio-Rad MRC 1024 confocal microscope
(Hercules, CA). Cells were maintained in a modified chamber fitted with
a gas-permeable membrane (bioFOLIE; VivaScience, Goettingen,
Germany). Images were taken at 5- to 600-s intervals. Both EB1-GFP
and HDEL-YFP were excited at 488 nm and visualized using a 515-nm
long-pass filter. Microtubule growth rates were measured in the time-
lapse images using the line and reslice tools of ImageJ (http:/reb.info.
nih.gov/ij/).

Q of Fl: Levelsin of Ti ]
Plants and Suspension Cultures by Confocal Microscopy

For quantification experiments, single transgenic lines of AtEB1a-GFP
under control of either 35S or native promoter were selected. In both
cases, AtEB1a-GFP was uniformly expressed, and cells were phenotyp-
ically indistinguishable from those in control plants. Nonsaturated images
of spindles labeled by AtEB1a-GFP were collected using a VisiTech
spinning disc confocal microscope (Sunderland, UK) fitted with a X60/1.4
oil objective lens. GFP was excited using the 488-nm line of an argonion
laser and the emitted light filtered through a 500- to 550-nm band-pass
filter. Spindle fluorescence was detected using a Hamamatsu Orca ER
cooled CCD camera (Hamamatsu City, Japan) with 4X binning, setat 1-s
exposure time and 1-pm z-step intervals. Images were analyzed using
ImageJ, z-sections were projected (max), and the average intensities of
entire spindles calculated using the measure tool. Max z-projections
ensured that the calculations were performed on complete spindles.

Sequence data from this article have been deposited with the EMBL/
GenBank data li under ac numbers At3g47690 (AtEB1-a),
At5g62500 (AtEB1-b), and At5g67270 (AtEB1-c).
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